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• 37 genes were evaluated in the context of breast and ovarian cancer predisposition.
• Several non-BRCA1/2 genes were attributed to high breast/ovarian cancer risk.
• Mutations in CDKN2A contribute to high risk of breast cancer, comparable to BRCA2.
• Profiles of genes contributing to breast and ovarian cancer differ substantially.
• RAD51C, RAD51D, and BRIP1 are proved to be high-risk ovarian, but not breast cancer genes.
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Objective. Germline mutations occurring in the highly penetrant genes BRCA1 and BRCA2 are responsible for
only certain cases of familial breast cancer (BC) and ovarian cancer (OC). Thus, the use of NGS multi-gene panel
(MGP) testing has recently become very popular.

Methods. To estimate a reliable BC and OC risk associated with pathogenic variants in the selected candidate
BC/OC predisposition genes, a comprehensive meta-analysis of 48 MGP-based studies analyzing BC/OC patients
was conducted. The role of 37 genes was evaluated, comparing, in total, the mutation frequency in ~120,000 BC/
OC cases and ~120,000 controls, which guaranteed strong statistical support with high confidence for most ana-
lyzed genes.

Results.Wecharacterized the strategies of MGP analyses and the types and localizations of the identifiedmu-
tations and showed that 13 and 11 of the analyzed genes were significantly associated with an increased BC and
OC risk, respectively. The risk attributed to some of these genes (e.g., CDKN2A and PALB2 for BC) was similar to
that observed for BRCA2. The analysis also showed a substantial difference in the profile of genes contributing
to either BC or OC risk, including genes specifically associated with a high risk of OC but not BC (e.g., RAD51C,
and RAD51D).

Conclusions.Our study provides strong statistical proof, defines the risk formany genes often considered can-
didates for BC/OC predisposition and excludes the role of other genes frequently analyzed in the MGPs. In the
context of clinical diagnostics, the results support the knowledge-based interpretation of identified mutations.
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1. Introduction

Germline mutations occurring in highly penetrant genes BRCA1 and
BRCA2 are responsible for 16–40% of familial breast cancer (BC) and
ovarian cancer (OC) cases. Therefore, genetic background of cancer pre-
disposition remains unrecognized in substantial fraction of BC/OC
patients.

Recent advances in next-generation sequencing (NGS) technologies,
have led to the development of a broad range of NGSmulti-gene panels
(MGPs) for the genetic testing of various human hereditary diseases, in-
cluding BC and OC. The results of several MGP-based analyses focused
on exon sequences of the additional risk candidate genes performed in
groups of BC/OC patients have already been published. The analysis
has led to the identification of various deleterious or potentially delete-
rious mutations causing premature termination of translation, alterna-
tive splicing or disruption of protein structure/function. However,
unequivocal evidence for the role of a significant fraction of BC/OC can-
didate genes routinely analyzed within diagnostic MGPs is still lacking.
Consequently, the practical understanding and the clinical/diagnos-
tic utility of the substantial fraction of the identified mutations are
still very limited. The lack of statistically significant and convincing
proof for the role of specific candidate genes in BC predisposition
may result from (i) the low frequency of mutations occurring in can-
didate genes (predominantly ≪ 1%), (ii) the limited number of ana-
lyzed subjects within particular studies (most studies comprise
groups of 100–1000 subjects) and/or (iii) the absence of data for
matched population controls to inform the interpretation of the re-
sults obtained in groups of BC/OC subjects. It has to be noted, how-
ever, that two studies published very recently encompassed very
large groups of BC subjects [1,2].

In this study, we conducted a comprehensive meta-analysis, con-
sidering 48 published MGP-based analyses performed in groups of
subjects with BC/OC. Our meta-analysis comprised 37 genes most
frequently included in the MGPs, developed for either clinical or re-
search applications. We characterized the type of utilized ap-
proaches, types and locations of identified mutations, and
cumulative frequency of mutations in particular genes in BC and OC
patients. Most importantly, taking advantage of a large collection of
data that cumulatively included ~120,000 cases (either BC or OC),
we performed a large-scale association analysis, comparing the fre-
quencies of mutations in the cases with the frequencies of mutations
in a group of ~120,000 controls (derived from the gnomAD database)
[3]. Due to the unprecedented large scale, the analysis allowed a high
statistical power to estimate with high confidence the risk attributed
to most analyzed genes in the general (mixed) population. The over-
all results held when the analysis was performed in separate ethnic
groups (e.g., European/White). Among the most striking results is
the identification of several genes associated with a high risk of BC
at a level similar to the BRCA2 risk. The other striking observation
of our study is a substantial difference in the profile of genes contrib-
uting to either BC or OC risk. The results allow a better understanding
of the genetic predisposition to BC/OC but also have practical impli-
cations for BC/OC genetic testing and the informed interpretation of
detected mutations.
2. Methods

We used the PubMed database to search articles published until July
2017, which reported the genetic test results of BC and OC patients re-
ferred for evaluation by an MGP. To achieve this aim, we used the fol-
lowing search string: “breast cancer AND multi-gene panel test/NGS”
or “ovarian cancer ANDmulti-gene panel test/NGS”. The two key inclu-
sion criteria were as follows: (i) BC/OC patients and (ii) MGPs as a mu-
tation detection method. We excluded studies concerning only the
BRCA1/2 genes. The review included unselected BC and OC studies that
were not restricted to only high-risk individuals (familial, bilateral, or
early-onset BC). Screening of eligible studies and selection of articles
to be included in our meta-analysis were independently performed by
2 reviewers (MS and KK). In total, we selected 48 published studies
for analysis. The studies reporting results from a single cohort, as well
as cumulative studies combining the data from several cohorts, were
taken into account. In cases of patients analyzed in more than one
study (when it was clearly indicated), repeatable data were not used.

The genetic test results of BC/OC patients referred for evaluation by
an MGP were used to calculate the mutation frequencies in particular
genes. We focused on mutations that were defined by authors as loss-
of-function variants (frameshift, nonsense, ±1/±2 position splicing
mutations), large rearrangements (if analyzed in studies), as well as
missense and other intron variants described as pathogenic in the
ClinVar database (https://www.ncbi.nlm.nih.gov/clinvar/, as of Decem-
ber 2017) [4], which contains data regarding the clinical significance of
variants. Variants classified in several studies as likely pathogenic, vari-
ants that weremissense mutations for which there was a lack of patho-
genicity information in the ClinVar database, or variants that were
described as being of uncertain significance/likely benign/benign were
excluded from the analysis.

As a control, populationmutation frequencies were calculated using
data extracted from the onlineGenomeAggregationDatabase [gnomAD
(http://gnomad.broadinstitute.org/)], which contains sequencing data
from N120,000 exomes from unrelated individuals sequenced as part
of various disease-specific and population genetic studies [3]. Patho-
genic mutations in the control group were classified in a similar way
as in the BC and OC groups. Only pathogenic variants obtained from
exome sequencing were used, including all loss-of-function variants
(frameshift, nonsense, ±1/±2 position splicing mutations) and care-
fully selected missense variants, classified as Pathogenic/Likely Patho-
genic in the ClinVar database. Genetic variants with an allelic
population frequency N0.03 (mostly ≫0.03), which was too high to be
considered pathogenic, were excluded from the analysis (except for a
few well-documented founder mutations). Large rearrangements,
such as whole-exon deletions or duplications, were not taken into ac-
count in association studies (removed from the BC and OC groups).
Double and multiple mutation carriers were not excluded from the
case groups because they were not specified in the control group. Nev-
ertheless, the fraction of multiple carriers was negligible and should not
affect the risk assessment.

Association analyses were performed for BC and OC patients, using
the pooled data from multiple ethnic groups in both cases and control
groups. No individual patient data were available for the cases and

https://www.ncbi.nlm.nih.gov/clinvar/
http://gnomad.broadinstitute.org/
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controls, as data were extracted from studies and public database. As
mutation frequenciesmay vary in different populations, the calculations
were also performed for the European population only. Data from all
studies conducted on a European/White population were selected and
compared to non-Finnish European populations from the control
group. The ethnicity was determined based on the country/origin of
publication or based on the prevailing population fraction. If possible,
data for different populations were extracted and calculated separately.
Several studies conducted in multinational countries (e.g., USA), which
did not report a detailed ethnicity, orwith the ethnicity of the prevailing
population below75%,were excluded from the association analysis con-
ducted on the European population. Additional meta-analyses were
performed for Asian, African, and Latino populations, but theywere lim-
ited to several genes for the BC most group, due to the small number of
studies available to include in our analysis.

Associations betweenmutations in the selected genes and BC andOC
riskwere assessed using odds ratios (ORs) and 95% confidence intervals
(95% CIs) based on a chi-squared test, conducted withMedCalc Statisti-
cal Software version 14.8.1 (MedCalc Software bvba, Ostend, Belgium;
http://www.medcalc.org). All statistical tests were two-sided, and due
to performed multiple comparisons, a p-value of b0.0001 (indicated
by **) was considered statistically significant. The nominally significant
p-values (0.05–0.0001) are indicated by *. To test for heterogeneity be-
tween ethnicities, a meta-analysis was performed in groups of different
ethnicities with the use of theMantel-Haenszel method, calculating the
ORs under fixed and random effects models depending on the results of
heterogeneity tests (p N 0.1 for the Q test and I2 b 50% were considered
to indicate a lack of significant heterogeneity). To assess study heteroge-
neity (I2) and publication bias (funnel plots), we performed additional
analysis, comparing independently each study with the gnomAD
control.
3. Results

3.1. Characteristics of the selected studies

A retrospective review was performed on the genetic test results of
BC and OC patients referred for evaluation by anMGP. A total of 48 sys-
tematic studies that passed the selection criteria described in the
Methods, were selected by electronically searching the PubMed data-
base. Characteristics of the identified studies are reported in Fig. 1 (A,
B, C).

We obtained data for BC andOC from43and 15 studies, respectively.
In case of studies including patients with different cancers, BC and OC
patient data were separated and classified into BC (BC only) or OC (OC
only) groups, respectively. However, in 12 studies, BC could not be sep-
arated from other cancers but constituted themajority of samples (over
Fig. 1. Characteristics of the BC/OCMGP studies. (A) The number of genes analyzed in the studie
the studies. The values in parentheses reflect the number of studies and the percentage of stud
75%, most frequently, ~90% of patients had BC). Thus, these data were
combined with BC only, as the BC most group.

The number of genes analyzed in the selected studies ranged from a
few to several hundred (Fig. 1A). However, the most studies analyzed
10–29 genes. Additionally, the number of patients participating in indi-
vidual studies varied substantially and ranged from several to several
thousand individuals (Fig. 1B). Additionally, two studies comprised
N30,000 patients each [1,2]. Usually, one specific MGP per study was
used, but several studies gathered data summarizing the results from
multiple (2–9) commercially available MGPs comprising combinations
of genes (Fig. 1C). In most studies (52%), the MGPs were custom de-
signed. Other studies used commercially available MGPs, such as
BROCA, a test developed at the University of Washington; MGPs de-
signed by Ambry Genetics; TruSight Cancer, designed by Illumina;
myRisk, designed by Myriad; an MGP designed by GeneDx; and an
MGP designed by Color. An additional two studies performed whole-
exome sequencing focusing only on several genes associated with BC/
OC.

3.2. List of next-generation sequencing multi-gene panels

The full set of genes included in the MGPs, containing N500 genes, is
summarized in Table S1. Of those genes, 37 (Fig. 2) were selected for
further analysis based on the frequency of recurrence in the studies
(10 and more). A few additional genes were chosen on the basis of the
total number of analyzed patients (~ at least 1000). In most cases, the
selected genes overlap with genes commonly considered BC/OC risk
candidates.

3.3. Types of mutations found in the selected studies

The unified list of detected mutations is shown in Table S2. Table S2
provides the description ofmutations at both theDNA level and thepro-
tein level, as well as information about the type, number of particular
mutations and ClinVar pathogenicity status [4]. Table S2 summarizes
the data from 39 selected studies (87%), which included detailed infor-
mation about the specific genomic location of particular mutations and
provided sufficient information to be used in our mutation type compi-
lation (i.e., ID of the identifiedmutations alongwith thematched type of
cancer if many types were tested).

As shown in Fig. 3A, the largest fraction ofmutationswere frameshift
mutations, constituting 45% of all variants, followed by nonsense muta-
tions (27%), missense mutations (15%), and splicing mutations (10%).
Large mutations such as large deletions and duplications accounted
for ~3% of all variants; however, not all investigators have analyzed
this type of mutation.

The analysis of such a large number of mutations led to the identifi-
cation of a series of peculiar mutations that cannot be unambiguously
s. (B) The number of patients analyzed in the studies. (C) Types/brands of theMGPs used in
ies, respectively.

http://www.medcalc.org


Fig. 2. The genes (rows)most frequently analyzed inBC/OCMGP studies (columns). The table includes 37 (out of ~500) genes selected for themeta-analysis, based on the recurrence in the
studies N10, or based on the total number of analyzed patients (N1000). Dots in the first column indicate: BRCA1 and/or BRCA2 genes or genes functionally related to the BRCA1/BRCA2
(white dots), genes which primary function related to DNA damage repair (red dots), and genes associated with other hereditary cancer syndromes (black dots). The last column
indicates the number of studies that analyzed a particular gene. Please, note that some studies did not analyze all genes from MGP or MGPs (number of analyzed genes is indicated).
List of all genes and details are shown in Table S1.
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classified to canonical types of mutations. The largest group of atypical
mutations are deletions (here designated FSDEL&N, 2%) or duplications
(FSDUP&N, 1%) immediately leading to the termination of translation. An-
other types of peculiar mutation are variants disrupting the start codon
(MSSTART) and “apparent silent mutations” (here designated as =),
which do not change AA, but their pathogenic effect most likely results
from the effect on the transcript. Because atypical mutations constitute
a small portion of all mutations, for simplification, they were classified
as either frameshift or missense mutations (see Fig. 3).

The observed types of mutations varied by the analyzed genes
(Fig. 3B). In most genes, frameshift and nonsense mutations were
predominant. The exception was TP53, in which the majority of the
mutations (81% of all variants) were missense mutations. A rela-
tively large number of missense mutations have been shown also
in the following genes: CHEK2 (28%), PMS2 (18%) and ATM (13%).
Moreover, it is worth mentioning that nonsense mutations were rel-
atively rare in CHEK2 (only 4%), NBN (6%) and TP53 (9%). Due to the
very low number of mutations detected in MRE11A,MSH6, PMS2 and
RAD50, the actual fractions of mutation types in these genes may dif-
fer from those shown in Fig. 3B. The exact location of the identified
mutations in the most frequently mutated genes is presented in
Figs. 4 and S1. As shown, although most mutations are evenly



Fig. 3.Mutation types identified in BC and OC patients. (A)Mutation types identified in all genes selected for themeta-analysis. As shown in the legend, the colors are indicated as follows:
blue –MS (missense mutations); red – N (nonsense mutations); black – FS (frameshift mutations); green – S (splicing mutations); white – L (large mutations); yellow –=(pathogenic
silent mutations). MS include MSSTART (mutations disrupting the start codon), and S include IVS (pathogenic intronic mutations). L are divided into LDEL/large deletions and LDUP/large
duplications; FS are divided into FSDEL (deletions), FSDUP (duplications), FSIN (insertions), FSINDEL (insertions and deletions), FSDEL&N/deletion immediately leading to premature
termination of translation, and FSDUP&N/duplication immediately leading to premature termination of translation. (B) Mutation types identified in particular genes (shown for genes
with at least 10 identified mutations). Colors reflect the types of mutations, as described in (A). Values in pie-charts indicate the % of mutations. “N” under the pie-charts indicates the
total number of mutations. The values are based on Table S2.
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distributed along the coding sequences, recurrent mutations (“hypo-
thetical founder mutations”) may also be identified. Furthermore,
missense mutations in ATM, CHEK2, PMS2 and TP53 clustered pre-
dominantly in functionally important domains in the corresponding
proteins at positions that showed a high degree of conservation
across species.

3.4. The frequency of germline mutations in the selected genes among BC
and OC patients

The summary and detailed information on the mutation frequency
are shown in Fig. 5 and Table S3, respectively.

Overall, ~11,250mutationswere identified in ~120,000 patients. The
combined frequency of the identifiedmutations in the BC (BCmost) and
OC (OC only) patients was 12.2% and 21.1%, respectively. After exclusion
of the BRCA1 and BRCA2 genes, the mutation frequency decreased to
7.7% and 8.0%, respectively. Among 106,529 BC patients (BC most) and
3230 OC patients, 4774 (4.48%) and 424 (13.1%) BRCA1/BRCA2 muta-
tions were found, respectively.

Except for BRCA1 and BRCA2, the most frequently mutated genes in
BC were CHEK2 (1.7%), ATM (1.0%), and PALB2 (0.9%). There were no
mutations found in BMPR1A (39,418 patients analyzed), CDK4 (40,179
patients), BAP1 (3622 patients), and FAM175A (1152 patients). Themu-
tation frequencies in the BC most group was almost the same as that in
the BC only group, what indicated little/no effect of admixtures of other
cancer types in BC most. In OC, themost frequently mutated genes were
BRIP1 (1%), CHEK2 (0.7%), ATM (0.7%), RAD51C (0.6%), and RAD51D
(0.6%).

At first sight, many genes showed differences in the mutation fre-
quencies between the BC and OC groups, which suggests thatmutations
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in particular genes can be preferential or specific for BC or OC.Mutations
in BRCA1, BRCA2, BRIP1, MSH2, MSH6, NBN, RAD51C, and RAD51D, were
significantly more frequent in the OC group. In contrast, mutations in
CHEK2, PALB2, and SLX4 were more frequent in the BC groups. As
shown, the proportion of BRCA1:BRCA2 mutations was much higher in
OC (2:1) than in BC (1:1) (Fig. 5).
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3.5. Estimation of the BC and OC risk associated with mutations within BC
and OC susceptibility genes

The summary of the association analyses regarding the odds ratios
(ORs; a measure of the disease risk associated with mutational/genetic
variants) and 95% confidence interval (95% CI) calculated for BC and
OC are shownnext to each other in Fig. 6, to facilitate the direct compar-
ison of the results. The results of association analyses, indicating the OR,
95% CI and the p-value for the particular genes are provided in Table S4.

As expected BRCA1 (OR 9.251) and BRCA2 (OR 5.672) are at the fore-
front of high-risk BC genes. However, less expectedly, four other genes,
CDKN2A (OR 6.205), PTEN (OR 5.396), PALB2 (OR 4.873) and TP53 (OR
4.362), turned out to be associatedwith a high risk of BC, on a level sim-
ilar to that of BRCA2. Additionally, other analyzed genes, such as CDH1
(OR 2.656), ATM (OR 2.420) and BARD1 (OR 2.334), showed a significant
associationwith BC andwere classified asmoderate-BC-risk genes. Mu-
tations in several other genes, such asMSH6, CHEK2* (after the exclusion
of two common variants c.470TNC and c.1283CNT), MSH2 and BRIP1,
slightly increased the risk of BC, reaching anOR value of ~1.5. Mutations
in these genesmay be classified as low-risk variants. Mutations in genes
XRCC2, RAD51D, NBN, RAD51C, APC, BLM, NF1, PMS2, CHEK2, MRE11A,
FANCC, FANCM, MLH1, and RAD50 were not associated with increased
BC risk, whereas the risk attributed to mutations in (i) BAP1, BMPR1A,
CDK4, FAM175A and (ii) ATR, EPCAM, SLX4, SMAD4, STK11, and VHL
could not be determined due to (i) no or (ii) a very low (b5) number
of mutations in BC patients.

To check whether the admixture of other cancer types does not af-
fect the associations in the BC most group, we compared these results
with the results calculated for the BC only group. As shown in Fig. S2
and Table S4, the results from the BC only and BC most groups were al-
most identical, and therefore, the BC most group could be used as a rep-
resentative group of BC.

As shown in Fig. 6, mutations in BRCA1 (OR 35.260), BRCA2 (OR
11.910), RAD51D (OR 7.276), PTEN (OR 5.473), TP53 (OR 5.046), BRIP1
(OR 4.878), RAD51C (OR 4.241), MSH6 (OR 4.077), and MSH2 (OR
3.976) can be classified as high-OC-risk variants. Mutations in genes
NBN (OR 2.166), PALB2 (OR 2.134) and ATM (OR 1.977) were associated
with a moderate risk of OC. FANCC, FANCM, FAM175A,MLH1, and BARD1
could be classified as low-moderate OC risk genes, with ORs ranging
from 1.4 to 3.4, but these values were not statistically significant, due
to the small number of pathogenic variants observed in these genes in
OC patients. Genes CHEK2, PMS2, MRE11A, and RAD50were not associ-
ated with OC risk; however, a very low number of pathogenic variants
were found in those genes. As no pathogenic variants were found in
APC, ATR, BAP1, BLM, BMPR1A, CDH1, CDK4, CDKN2A, EPCAM, NF1, SLX4,
SMAD4, STK11, VHL, XRCC2 in OC patients, the OC risk associated with
a mutation in these genes could not be estimated.

Another striking observation from this meta-analysis is the substan-
tial difference between BC and OC risk (usually a much higher OC risk)
attributed to particular genes. Risk estimates for mutations in BRCA1,
BRCA2, and MSH6 were much higher for OC. The critical difference was
also observed for BRIP1 and MSH2 genes, which were classified as
low-BC-risk variants, but attributed to a high OC risk. Mutations in
RAD51D, RAD51C, and NBN seem to be OC-specific, associated only
with OC risk, but not with BC. In contrast, mutations in PALB2 were at-
tributed to a higher BC risk than OC risk, while pathogenic variants in
CHEK2* and BARD1were specific only to the BC risk.

As BCmost andOC only groups represent subjects ofmixed ethnicity,
which may affect the association analysis, we compared the obtained
Fig. 4.Mutation-gene “maps” showing the location, type, and number of particularmutations (li
genes. The structure of particular genes/coding exons and protein domains were created on t
marked with dots. The color of the dots reflects the type of mutation, as shown in the legend.
number of mutations above the 7 is indicated above the symbol as +n. Large deletions and du
The abbreviations are as follows: FAT (named after representatives of the three main groups
catalytic domain); FATC (FRAP-ATM-TRRAP-C-terminal domain); RING (zinc finger, RING-ty
DNA (DNA-binding); ChAM (chromatin-association motif); MRG15 (interaction with MRG15)
results with the results of the similar analysis performed for extracted
European/White population cases. As shown in Fig. S3A for BC and
Fig. S3B for OC (as well as in Table S5), there were no substantial differ-
ences between the two analyses, and all the observed differences were
within Cl of each other. The highest differences in the association of BC
risk were observed for CDKN2A, PTEN, and RAD51D, while in the associ-
ation of OC risk was observed for RAD51D and MSH2. Nevertheless, it
should be mentioned that the European/White population group con-
stituted the majority of studies. Furthermore, for the most frequently
mutated genes, we calculated the OR independently for 4 major ethnic
groups (European, Asian, African, Latino), as presented in Fig. S4.

As two of the analyzed studies were much larger than the others (n
N 30,000 vs. n b 4000), they could have been themain drivers of thefinal
results. Therefore, to estimate the potential bias, we repeated the anal-
ysis without these two studies [1,2]. As shown in Fig. S5 (and
Table S6), the exclusion of the large studies did not change substantially
most of the results. The increased BC risks attributed to mutations in
BRCA1 and BRCA2, most likely result from prescreening and exclusion
of some of the BRCA1/2 positive patients from the studies, and the de-
creased BC risk attributed to mutations in CDKN2A results from the
fact that CDKN2Awas rarely tested in other than the two large studies.
In consequence, the number of tested samples and the number of de-
tected mutations (n = 2) were too small to reliably evaluate the
CDKN2A-attributed risk.

To asses for study heterogeneity (I2 value) and potential publication
bias, formost candidate genes (with at least 10 detectedmutations), we
independently compared each individual study with common controls
and visualized them on funnel plots. As is shown in Fig. S6 (for BC stud-
ies) and Fig. S7 (for OC studies) most of the individual study-specific
ORs were within the area representing (pseudo) 95% confidence limits,
and I2 values for most genes were close or below 50%, considered bor-
derline value for heterogeneous studies. It has to be noted however
that the study-specific ORs are not truly independent values, therefore
this analysis has to be interpreted cautiously. Also, due to the low fre-
quency of mutations occurring in individual genes, most of the studies
are too small to reliably estimate the OR value. For genes where the
total number of mutations is smaller than ~50, a substantial number of
individual studies have 0 or few mutations.

4. Discussion

We accomplished a wide-scale meta-analysis of genes that were re-
peatedly adopted in MGPs to estimate a reliable BC and OC risk associ-
ated with mutations in many tested genes. The association of the
majority of these genes with BC/OC has not been clearly determined;
some were included in MGPs due to their association with other hered-
itary cancer syndromes and others due to their functional relation to
BRCA1/BRCA2.

Most of the individual studies (included in themeta-analysis as well
as others) are too small to detect a sufficient number of mutations that
would allow a reliable evaluation of risk in particular genes, especially
with mutations that are frequently incidental and identified within
genes related to other cancers. However, it must be mentioned that
few cumulative studies that combined results (often fromdifferent clin-
ical laboratories and mostly generated for diagnostic purposes) were
large enough to detect a substantial number of mutations and calculate
the risk attributed to particular genes [1,2,5–7]. Additionally, previously
reported risk estimates for some genes differed substantially in various
studies. Those conflicting results suggest that genes should not be
mited to studieswith a full list of pathogenicmutations) in theATM,BARD1, PALB2 and TP53
he basis of data from the Ensembl genome browser and UniProt database. Mutations are
The number of dots reflects the identified number of particular mutations (up to 7). The
plications are indicated as horizontal lines under the gene maps spanning affected exons.
sharing the domain FRAP, ATM and TRRAP); PI3K/PI4K (phosphatidylinositol3-/4-kinase,
pe); ANK (ankyrin repeat); BRCT [BRCA1 C-terminal (BRCT) domains]; CC (coiled coil);
; WD40 (WD40-repeat-containing domain).



Fig. 5. The frequency of mutations [%] in particular genes in BC and OC patients, calculated as the number of identifiedmutations per number of analyzed patients. A chi-square test was
used to indicate statistically significant differences between BC and OC cases (* and ** reflect p b 0.05 and p b 0.0001, respectively). Pie-charts indicate the contribution of particular genes
to the total number of mutations detected in BC and OC patients. #Due to the very low number of patients analyzed for mutations in FANCM in the OC most group, the actual frequency of
mutation may differ from that reported. The detailed frequency of mutation in particular gene is provided in Table S3.
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classified as low-moderate-high BC and OC risk genes in the face of in-
sufficient data, especially with regard to the rarely mutated genes. The
above facts substantially hamper the interpretation of mutations being
identified in non-BRCA1/BRCA2 genes andmay cause problemswith pa-
tients consulting and the follow-up treatment.

The summary of the enrolled studies showed great heterogeneity
(as demonstrated in Fig. 1). The studies differed substantially in terms
of the sequenced genes, the structure of the study and the analytical
strategies. Additionally, only a few studies had an appropriate, matched
control group, typical for a case-control study, but usually, those studies
were too small to estimate the BC and OC risk correctly. Differences in
the selection of particular genes emphasize the lack of sufficient infor-
mation about the association of many genes with a particular type of
cancer. As MGP sequencing is becoming more popular, the results of
few new studies [8–14], including one cumulative, large-scale analysis
[5], were published during the preparation of the manuscript. The re-
sults of these studies are not included in the meta-analysis, but we
refer to them in the discussion.

The aggregation of results from different studies in our meta-
analysis lead to a higher statistical power and a more robust risk esti-
mate (ORs) with substantially tighter confidence intervals than previ-
ously reported in single studies. In total, 13 and 11 of the analyzed
genes were significantly associated with an increased BC and OC risk,
respectively.

In the meta-analysis, 4.5% of BC patients and 13.1% of OC patients
carried BRCA1 or BRCA2 mutations. The frequency of mutations and
the risk attributed to the mutations in these genes were higher for OC
than for BC. The prevalence is especially high for BRCA1 (OR = 9.3 and
OR = 35.3 for BC and OC, respectively), what indicates observed also
before higher attribution of BRCA1 than BRCA2 mutations to OC. It has
to be noted, however, that although risk (OR values) attributed to the
BRCA1/2mutations is higher for OC than BC, due tomuch higher overall
frequency of BC, asymptomatic BRCA1/2 mutations carriers are more
likely to develop BC than OC.

The analysis revealed that four genes, i.e., CDKN2A, PTEN, PALB2, and
TP53, were associated with a BC risk (ORs N 4) similar to that of BRCA2.
Except the very recent study of Couch et al., that also showed elevated
BC risk attributed to CDKN2Amutations [1], CDKN2Awas not considered
before as conferring a strong BC risk. Additionally, several independent
association studies revealed an association of single SNPs in the CDKN2A
gene with a slightly increased risk of esophageal cancer, endometrial
cancer, as well as BC (OR ~ 1.2–1.5) [15–18]. Lack of a previous associa-
tion of the CDKN2Amutations with BC may result from a low frequency
of mutations in that gene (0.1% of all BC), which results in a relatively
high range of confidence intervals (still mostly overlapping with high-
risk values).

Mutations in BRCA1, BRCA2, RAD51D, TP53, BRIP1, RAD51C, MSH6,
MSH2, and PTEN were associated with a high OC risk (OR N 4). The ele-
vated OC risk forMSH6 (OR= 4.1) andMSH2 (OR= 4.0) has also been
observed in other studies [1,5,6]; however, in the context of our results,
MSH2 was attributed to a higher BC/OC risk than MSH6. RAD51C and
RAD51D mutations were identified in families with BC and OC [19,20]
and implicated in BC and OC risk. However, our results clearly showed
an association of both RAD51C and RAD51D with a high risk of OC, but
not BC. A higher OC vs. BC risk attributed to RAD51C and RAD51D has
also been suggested in several smaller studies [1,2,5,7,21–23]. Muta-
tions in BRIP1 appear to also be important in the development of OC
(OR = 4.9). However, it must be noted that in a series of previous



Fig. 6. Summary of the association analysis and risk (ORs) estimated for the particular
analyzed genes. Diamonds and horizontal lines indicate the OR values and 95% CI,
respectively. Black and blue symbols indicate BC and OC values, respectively. The genes
are sorted according to ORs estimated for BC (from highest to lowest). Green, orange,
and red vertical lines highlight 1 (no risk), 2 (the threshold for moderate risk), and 4
(the threshold for high risk) OR values, respectively. Low-risk genes are located under
the orange line. ND indicates that no mutation was detected in the genes in a particular
cancer. An asterisk next to the symbols indicates p-value associated with an increased
risk (* and ** reflect p b 0.05 and p b 0.0001, respectively). Note, that not all genes with
b5 mutations identified are shown. The detailed values of OR for particular genes are
provided in Table S4.
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association studies, the risk estimated was much higher (OR in a range
between 5 and 29, in different populations) [5,7,24–26]. Although
BRIP1 mutations were not associated with BC risk in our study,
confirming other results [6,26,27], some reports suggest that these mu-
tations may be associated with a high BC risk in patients with an early-
onset BC or a strong family history of BC [28,29].

Another striking conclusion of our study is the substantially different
pattern of mutation frequency and the consequent different risk attrib-
uted to particular genes in BC and OC. Although, a higher risk of either
BC or OC associated with individual genes has been often reported be-
fore; here, for the first time, we present a direct, comprehensive
comparison of many of the most important BC and OC risk candidates,
additionally supported by the strong statistical power of estimated
risk. Significant differences were shown for the BRCA1, and BRCA2
genes, mutations of which were attributed to a much higher OC than
BC risk. Additionally, mutations in BRIP1, MSH2, and MSH6 genes were
associated with a low BC risk and a high OC risk. More importantly, mu-
tations in RAD51D, RAD51C, and NBN were specific for OC (associated
with theOC but not BC risk), indicating their selective role in the genetic
predisposition of OC development. On the other hand, a higher risk of
BC than OC was established for PALB2 mutations, and it appears that
mutations in CHEK2* and BARD1 are specific for BC (associated with a
low BC risk but not with an OC risk). Nevertheless, it has to be noted,
that increased BC risk estimates for RAD51Dwere obtained in the sensi-
tivity analysis (in extracted European/White population, and after ex-
clusion of the two largest studies), suggesting a potential role of
RAD51D in BC susceptibility.

Of equal importance, however, is the finding that mutations in more
than a dozen analyzed candidate genes, i.e., XRCC2, RAD51D, NBN,
RAD51C, APC, BLM, NF1, PMS2, CHEK2, MRE11A, FANCC, FANCM, MLH1,
and RAD50, are not associated with any BC risk. Most of these genes
are also either not associated with OC or mutations in these genes are
absent or too scarce in OC. These findings indicate that the inclusion of
these genes in BC/OC MGPs must be reconsidered. However, the lack
of association black of mutationsN in genes such as STK11, NF1, or VHL
associated with characteristic hereditary cancer syndromes (Peutz-
Jeghers syndrome, neurofibromatosis type 1, and von Hippel–Lindau
disease, respectively), may result from the fact that BC/OC cases with
these syndromes are tested for genes specific for particular syndromes,
which still raises questions regarding the need to include these genes in
BC/OCMGP testing. Someopposition to the above statement is observed
in our study on the association of TP53 mutations with a high risk for
both BC and OC. The question remains whether mutations identified
inMGPs and associatedwith BC/OC that aremostly missensemutations
located in specific TP53 regions (protein domains) are also associated
with the typical Li-Fraumeni syndrome or are preferentially associated
with particular cancers.

Although the accuracy of our results is enhanced by the size of the
meta-analysis, they should be interpreted within the context of several
limitations. First, despite our efforts to standardize case and control
groups, possible bias could have been introduced, due to using control
data from the public database that were not perfectly matched in
terms of sex, age, ethnicity, geographical area or sequencing platforms
to the case groups. Moreover, technical differences in the selected stud-
ies such as the (i) DNA sample preparation and quality; (ii) NGS library
preparation and enrichment strategy; (iii) NGS sequencing strategy, in-
cluding the depth of coverage of analyzed sequences; and (iv) algorithm
used for mutation detection and quality (inclusion thresholds) may af-
fect themutation detection and therefore the bias comparison between
groups. Second, as not all studies included a full list of identified muta-
tions, we classifiedmutations as defined by authors, and possible differ-
ences in the meaning of the pathogenicity of mutation cannot be ruled
out. Third, the European/White population group constituted the ma-
jority of studies fulfilling our criteria; therefore, general ORs can reflect
the true trends of the European/White population. Forth, the population
of mixed ethnicity used in our meta-analysis had little power to detect
founder mutations that may be specific and account for a substantial
fraction of mutations in particular gene in particular population. Addi-
tionally, our analysis was limited almost exclusively to mutations lo-
cated in protein-coding sequences and did not include large mutations
or mutations in noncoding sequences. However, we may expect from
other intensively studied genes that large mutations may account for
5–10% of all mutations in genes included in BC/OC MGPs [30–32]. The
mutations identified recently in the promoter of TERT [33,34] and exam-
ples of deep-intronic mutations associated with Mendelian disorders
(e.g., tuberous sclerosis complex [35], cystic fibrosis [36], Duchenne
muscular dystrophy [37], polycystic kidney and hepatic disease [38]
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and hemophilia A [39]), reviewed recently in Human Genetics [40], in-
dicate that deleterious DNA variants may also occur in noncoding re-
gions. However, the identification of mutations in noncoding
sequences is not an easy task, although currently, it is not limited any-
more by sequencing capabilities but by problems with their interpreta-
tions as deleterious variants. Finally, our analysis, as any meta-analysis,
may be affected by the heterogeneity of the included studies. The het-
erogeneity of our analysis may results from (i) different ethnic back-
ground of the studies, (ii) different contribution of founder mutations,
and (iii) different criteria of samples selection.

These limitations create the need for further association analyses,
with case-control groups matched by gender, age, ethnicity, and se-
quencing platform, to confirm the results obtained in our meta-
analysis. Asmutation frequenciesmay vary in different ethnicities, asso-
ciation analyses should be performed for separate geographical region/
ethnicities, which would help define founder mutations characteristic
for each population, which in turn could be used in screening tests. Of
equal importance is the estimation of BC and OC risk for particular re-
current variants/mutations, especially for founder mutations, as the
risk presented for a particular gene cannot be generalizable to all iden-
tifiedmutations. Finally, there is still a need to collect data derived from
a larger group of patients in order to calculate the correct BC and OC risk
for mutations in several genes.
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