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In this study, we determined if BRCA1 partners involved in DNA double-strand break
(DSB) and mismatch repair (MMR) may contribute to breast and ovarian cancer
development. Taking advantage the functional conservation of DNA repair pathways
between yeast and human, we expressed several BRCA1 missense variants in DNA
repair yeast mutants to identify functional interaction between BRCA1 and DNA repair
in BRCA1-induced genome instability. The pathogenic p.C61G, pA1708E, p.M775R,
and p.I1766S, and the neutral pS1512I BRCA1 variants increased intra-chromosomal
recombination in the DNA-repair proficient strain RSY6. In the mre11, rad50, rad51, and
msh6 deletion strains, the BRCA1 variants p.C61G, pA1708E, p.M775R, p.I1766S,
and pS1215I did not increase intra-chromosomal recombination suggesting that a
functional DNA repair pathway is necessary for BRCA1 variants to determine genome
instability. The pathogenic p.C61G and p.I1766S and the neutral p.N132K, p.Y179C,
and p.N550H variants induced a significant increase of reversion in the msh21 strain;
the neutral p.Y179C and the pathogenic p.I1766S variant induced gene reversion also,
in the msh61 strain. These results imply a functional interaction between MMR and
BRCA1 in modulating genome instability. We also performed a somatic mutational
screening of MSH6, RAD50, MRE11A, and RAD51 genes in tumor samples from 34
patients and identified eight pathogenic or predicted pathogenic rare missense variants:
four in MSH6, one in RAD50, one in MRE11A, and two in RAD51. Although we found
no correlation between BRCA1 status and these somatic DNA repair variants, this study
suggests that somatic missense variants in DNA repair genes may contribute to breast
and ovarian tumor development.

Keywords: BRCA1 missense variants, DNA repair genes, yeast based-functional assay, breast and ovarian cancer,
somatic variants
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INTRODUCTION

BRCA1 is a tumor suppressor gene that encodes a multi-
domain protein of 1863 amino acid involved in a wide array of
cellular pathways that maintain genomic stability, including DNA
damage-induced cell cycle checkpoint activation, DNA damage
repair, protein ubiquitination, higher chromatin hierarchical
control as well as transcriptional regulation and apoptosis (Powell
and Kachnic, 2003; Narod and Foulkes, 2004; Figure 1A). BRCA1
has been shown to localize at DNA double-strand break (DSB)
sites and form nuclear foci with RAD51, an essential component
of the homologous recombination (HR) (Scully et al., 1997a,b)
and with MRE11A–RAD50–NBS1 (MRN complex), a DNA
breakage sensor regulating DSB repair through both HR and
non-homologous end joining (NHEJ) (Fu et al., 2003; Greenberg
et al., 2006). Moreover, BRCA1 is a key component of a
protein complex, termed BRCA1-associated genome surveillance
complex (BASC) that contains tumor suppressors, DNA damage
sensors and signal transducers, including MRN, the mismatch
repair (MMR) proteins MLH1, MSH2, and MSH6, the Bloom
syndrome helicase BLM, the ATM kinase, DNA replication
factor C (RFC), and PCNA. The association of BRCA1 with
MSH2 and MSH6 in the BASC complex also links BRCA1
to a sub-pathway of nucleotide excision repair (NER) that
repairs base lesions in the transcribed DNA strand (Wang et al.,
2000).

Germline BRCA1 pathogenic variants predispose to an
increased lifetime risk of breast and ovarian cancer (Miki
et al., 1994). Since the discovery of BRCA1, many mutations
have been reported and classified which are associated with
breast and ovarian cancer and cause the production of
truncated and non-functional BRCA1 protein (Walker et al.,
2013). In addition, many missense variants, named variants of
unknown significance (VUS) have been identified (Carvalho
et al., 2007). Their relationship to disease is more difficult to
predict since the functional impact is not easily predictable.
This may complicate the cancer risk assessment and affect
the psychological state of carriers and relatives (Couch et al.,
2008). The International Agency for Research on Cancer
(IARC) proposed a five-class system-based classification of
missense variants: Class 1 (not pathogenic or of no clinical
significance), Class 2 (likely not pathogenic or of little
clinical significance), Class 3 (uncertain), Class 4 (likely
pathogenic), and Class 5 (definitely pathogenic) (Plon et al.,
2008; Tavtigian et al., 2008a,b; Lindor et al., 2012; Vallee
et al., 2012). Functional assays have been developed to improve
BRCA1 VUS classification (Radice et al., 2011; Millot et al.,
2012).

Cancer-causing mutations in a tumor suppressor gene such as
BRCA1 are expected to impair the protein’s biological activity.
Even if mutations in BRCA1 give the higher susceptibility
to develop breast cancer, several data suggest that this
predisposition is dependent on a combination of several low
penetrance factors (Fanale et al., 2012). Moreover, somatic
mutations in DNA repair genes have been recently reported in
several cancers including breast cancer (Chae et al., 2016; Nik-
Zainal et al., 2016). Although mutations in DNA repair pathways

that are functionally related to BRCA1 have been identified (Nik-
Zainal et al., 2016), impact of these mutations on BRCA1 activity
is very difficult to evaluate.

Although the single-cell model eukaryote Saccharomyces
cerevisiae has no BRCA1 homolog, main DNA repair pathways
are evolutionary conserved (Kowalczykowski, 2015; Groothuizen
and Sixma, 2016). Recently, we created a web tool to help the
construction of “humanized” yeast strains that could be useful
to characterize cancer-associated missense variants (Mercatanti
et al., 2017). Therefore, we used yeast as genetic model to
investigate the functional interaction between BRCA1 missense
variants and DNA repair and to address whether this model
system could be useful to evaluate the cancer risk in patients
carrying mutations in distinct DNA repair genes.

As the expression of BRCA1 cancer-related variants increased
HR in yeast, we previously proposed the “yeast recombination
assay” as reliable method to determine the functional impact
of VUS (Caligo et al., 2009). Recently, we demonstrated in
yeast that MSH2 affects BRCA1-induced HR and, in parallel,
we found a high frequency (36%) of MSH2 somatic mutations
in breast and ovarian tumors from BRCA1 missense variant
carriers (Maresca et al., 2015). Taking advantage of the functional
and sequence homology between human and yeast DNA repair
genes (Sung et al., 2000; Liu et al., 2017), we determined
whether the expression of several BRCA1 pathogenic and neutral
variants in MSH6, RAD50, MRE11, and RAD51 yeast deletion
mutants affects HR. Moreover, we studied also the effect of
BRCA1 variant expression on gene reversion in both MMR
wild-type and defective yeast mutants. This could give some
indication to understand the role of DNA repair in BRCA1-
driven tumorigenesis.

Finally, to determine if BRCA1 partners involved in HR,
NHEJ, and MMR may have a role in breast and ovarian cancer
development, we performed a somatic mutational analysis by
next generation sequencing (NGS) of MSH6, RAD50, MRE11A,
and RAD51 genes in selected breast and/or ovarian tumors from
BRCA1 missense variant carriers, BRCA1 mutation carriers, and
BRCA1wt individuals.

MATERIALS AND METHODS

Plasmids, DNA Manipulation
All the plasmids carrying the BRCA1 variants contain the
human BRCA1 cDNA under the yeast galactose inducible
promoter GAL1p (Westmoreland et al., 2003). Details about the
construction of the BRCA1 yeast expression plasmids have been
already described (Caligo et al., 2009).

Yeast Strain
The haploid strain RSY6 of S. cerevisiae (a gift from Robert
Schiestl, UCLA Los Angeles, CA, United States) has the following
genotype: MATa ura3-52 leu2-3,112 trp5-27 ade 2-40 ilv1-92
arg4-3 his315′-pRS6-his313′ lys2-801 (Schiestl et al., 1988). RSY6
carries the two his3 alleles separated by the LEU2 marker and
by the plasmid DNA sequence, one with a deletion at the
3′ end and the other with a deletion at the 5′ end, which
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FIGURE 1 | Effect of BRCA1 pathogenic and neutral missense variants on intra-chromosomal recombination and gene reversion in Saccharomyces cerevisiae.
(A) BRCA1 protein is composed by 1863 amino acids (aa) and consists of three main domains (RING, DNA binding, and BRCT domains) and a nuclear localization
signal (NLS). Distribution of BRCA1 pathogenic (red), neutral (blue) variants, and VUS (black) tested in S. cerevisiae. The number of aa is reported above each
functional domain. (B) The haploid strain RSY6 carries the two his3 alleles separated by the LEU2 marker and by the plasmid DNA sequence, one with a deletion at
the 3′ end and the other with a deletion at the 5′ end, which share 400 bp of homology (blue box). An intra-chromosomal recombination event leads to HIS3
reversion and loss of LEU2. (C) RSY6 and its derivative DSB repair mutants expressing the BRCA1wt or missense variants were inoculated in galactose medium for
17 h at 30◦C. As described in Section “Materials and Methods,” cells were counted and plated to score for survival and recombinants. Frequency of
intra-chromosomal recombination reported in the vertical axis was expressed as HIS3 colonies per 10−4 vital cells. In the horizontal axis, the BRCA1 wt and the
variants are reported. Data are reported as mean of four to five independent experiments ± standard deviation. Results were statistically analyzed using the
Student’s t-test. ∗p < 0.05, ∗∗p < 0.01. (D) RSY6, msh21, and msh61 mutants expressing the BRCA1wt or missense variants were inoculated galactose medium
for 17 h at 30◦C. Intra-chromosomal HR was determined as described above. In the horizontal axis, the BRCA1 wt and the variants are shown. Data are reported as
mean of four to five independent experiments ± standard deviation. Results were statistically analyzed using the Student t-test. ∗p < 0.05, ∗∗p < 0.01,
∗∗∗p < 0.001. (E) The strain RSY6 carries the ilv1-92 that allows the assessment of gene reversion to ILV1 by direct counting colonies grown in medium lacking
isoleucine. (F) RSY6, msh21, and msh61 mutant strains carrying BRCA1 expressing plasmids were inoculated in galactose medium for 17 h at 30◦C. As described
in Section “Materials and Methods,” cells were counted and plated to score for vital cells and revertants. Frequency of reversion was calculated as total number of
ILV1 revertants per 10−6 vital cells. In the horizontal axis, the BRCA1 wt and the variants are reported. Data represents the mean of four to five independent
experiments ± standard deviation. Results were statistically analyzed using the Student’s t-test. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001.

share 400 bp of homology. An intrachromosomal recombination
event leads to HIS3 reversion and loss of LEU2 (Schiestl, 1989;
Schiestl et al., 1989; Figure 1B). Media preparation and yeast
culturing was carried out according to the standard techniques.
Yeast was transformed with plasmid DNA by using the litium
acetate method with single strand DNA as carrier following the
procedure described in Gietz and Schiestl (2007). Transformants
were selected in solid medium lacking uracil (SC-URA). Colonies
were grown for 4–5 days at 30◦C and further analyzed.

Protein Extract Preparation and Western
Blotting
BRCA1 protein level was determined in yeast cell extracts from
RSY6 wild-type and DNA repair deletion mutants, transformed
with the BRCA1 expression vector after 24-h induction in
galactose medium. Single clones were pre-grown in 10–20 ml of

SC-URA glucose medium for 24 h at 30◦C. Then, cell pellet was
washed in water, and split in two aliquots: one was inoculated in
20 ml of SC-URA glucose and the other one in 20 ml of SC-URA
galactose. The cultures were incubated at 30◦C for 17 h, under
constant shaking. Thereafter, pellets were washed twice in ice cold
water and re-suspended in 0.5 ml of suspension buffer [50 mM
KCl, 5 mM MgCl2, 0.1 M EDTA, 25 mM HEPES, 5 mM DTT,
0.3 M (NH4)2SO4, 10% glycerol, pH 7.4] plus 10 µl of protease
inhibitor solution (4.4 mg phenylmethylsulfonyl fluoride, 62 mg
pepstatin, 50 mg chemostatin, and 725 ml DMSO in 1 ml H2O).
Total protein extracts were prepared according to the method
reported in Maresca et al. (2015). BRCA1p is analyzed using
Anti-BRCA1 MoAb Ab4 (clone SD118-Calbiochem). As loading
control, we determined the level of the 3-phosphoglycerate
kinase (PGK) with the anti-α3PGK antibody from Molecular
Probes.
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Yeast Recombination and Reversion
Assay
The haploid RSY6 strain of S. cerevisiae and its isogenic
mutants carrying deletion in RAD50, RAD51, MRE11, MSH2, or
MSH6 were used to evaluate the functional interaction between
the BRCA1 missense variants and DNA repair. As previously
reported, BRCA1wt, four pathogenic (pC61G, p1708E, pI1766S,
and pM1775R), four neutral (pN132K, pY179C, pN550H, and
pS1521I) BRCA1 missense variants, and one VUS (pA1789T)
were expressed in yeast by using yeast shuttle vector plasmid
carrying the BRCA1 cDNA under the control of the galactose
inducible promoter (Caligo et al., 2009; Maresca et al., 2015;
Lodovichi et al., 2016; Figure 1A). The effect of BRCA1wt
and BRCA1 missense variants on intra-chromosomal HR
frequency was evaluated in rad501, rad511, and mre111
mutants following the procedure already reported (Maresca
et al., 2015). To determine the frequency of intra-chromosomal
recombination, single colonies were inoculated into 5 ml of SC–
URA-LEU medium and incubated at 30◦C for 24 h. Thereafter,
cultures were washed twice in sterile distilled water and counted.
For each BRCA1 variant as well as the BRCA1wt and the controls,
aliquots containing 107 cells were inoculated in 5 ml of Synthetic
Complete – uracil and leucine (SC–URA-LEU) – medium
containing 5% galactose. In parallel, the same number of cells was
inoculated in 5 ml of SC–URA-LEU glucose containing medium.
Both glucose and galactose cultures were incubated at 30◦C
for 17 h under constant shaking. Thereafter, cells were washed
twice counted and appropriate numbers plated onto complete
medium to determine the number of vital cells, and onto solid
medium lacking histidine. The frequency of intra-chromosomal
recombination was calculated as total number of HIS3 colonies
per 10−4 vital cells. We have also determined the effect of BRCA1
on gene reversion at ilv1-92 allele (Figure 1E) in MMR-proficient
RSY6 and in msh21 and msh61 mutant strains, by plating
yeast-expressing BRCA1wt or BRCA1 missense variants, grown
at 30◦C for 17 h in 5-ml SC–URA-LEU plus 5% galactose, in
medium lacking isoleucine following the standard procedures;
the frequency of reversion was calculated as total number of ILV1
revertants per 10−6 vital cells (Zimmermann, 1975; Bronzetti
et al., 1990b; Galli et al., 1991).

For each BRCA1 variant, a total number of four to
six independent experiments were carried out. Results were
statistically analyzed using the Student’s t-test.

Patients and Preparation of DNA
Samples
For the somatic mutation screening of MSH6, RAD50, MRE11A,
and RAD51 genes, 34 patients belonging to hereditary breast and
ovarian cancer (HBOC) families were enrolled. This work has
been approved by the Ethical Committee for Human Clinical
Studies at the University Hospital of Pisa. All patients underwent
genetic counseling at the University Hospital of Pisa, Italy.
Thirty-one were affected by breast cancer and three by ovarian
cancer. Fourteen patients were carriers of BRCA1 variants
(13 missense and one synonymous), eight carried pathogenic
mutations in BRCA1 gene, and 12 were BRCA1wt (Table 1).

BRCA1 status of the patients is reported in Table 1. All patients
tested negative for BRCA2 mutations. Histopathological and
clinical features of patients such as tumor histotype, grade, and
receptors status are reported in Supplementary Table S1.

DNA was extracted from formalin-fixed paraffin-embedded
(FFPE) tumor samples after manual microdissection to isolate the
tumor area. For each patient, a blood sample was also available.

Libraries Preparation and NGS
Sequencing
MSH6 (NM_000179.2), RAD50 (NM_005732.3), MRE11A
(NM_133487.3), and RAD51 (NM_005591.3) genes were
screened for somatic mutations by NGS on ION Personal
Genome machineTM (Thermo Fisher Scientific, Monza, Italy).
To amplify the coding sequence and the exon–intron boundaries
of the four genes, a custom panel of 163 primer pairs was
designed using Ion AmpliSeqTM Designer software1. A target
region of 12.07 kb was obtained, covering the 94% of the region
of interest. Since FFPE DNA is often fragmented, the average
length of each amplicon was 100 bp. Libraries preparation and
sequencing were performed according to ion PGM protocol
(Ion AmpliSeqTM Library Kit 2.0, Ion OT2TM 200 kit, and ion
PGMTM Hi-QTM Sequencing kit; Thermo Fisher Scientific,
Monza, Italy; Spugnesi et al., 2016). For the high confidence
detection of somatic mutations present at low frequencies
in heterogeneous cancer samples and to obtain coverage of
800–1000×, DNA from eight patients were loaded on each
316 v2 chip. The primary data processing was carried out by
Torrent suite v5.0.4 and Ion Torrent Variant Caller v5.0. High
stringency quality somatic parameters were set: detection of
single-nucleotide variants at MAF = 2% and insertions/deletions
at MAF = 5%. BAM files were uploaded on Ion Reporter software
v5.02 for variant annotation. Variants with p-value >0.01 were
discarded in order to avoid false positive variant calls. The
p-value reported by the Ion Reporter software represents the
probability that the variant call is incorrect.

Variants fulfilling the following filtering criteria were selected
for further analysis:

• Coverage ≥800×
• MAF ≤1% (according to 1000 Genomes Project)
• Present in only one patient.
• Within 20 bp from exon-intron junction.
• VAF (variant allele frequency) ≥3%.

The pathogenicity of each filtered variant was predicted
using SIFT, PolyPhen-2, Grantham score, and MutationTaster2
(Grantham, 1974; Kumar et al., 2009; Adzhubei et al., 2010;
Schwarz et al., 2014). Moreover, for each filtered variant an
extensive literature revision and of the major clinical and
genetic databases (dbSNP, ClinVar, LOVD, and COSMIC) was
performed, to integrate in silico and functional reports for each
variant.

1https://www.ampliseq.com/
2https://ionreporter.thermofisher.com
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TABLE 1 | BRCA1 status of patients.

Patient BRCA1 status cDNA change Protein change Exon Classification

P063 Missense variant c.4484 G>T p.R1495M 14 1

P258 Missense variant c.5365 G>A p.A1789T 22 VUS

P519 Missense variant c.536 A>G; cl648 A>C p.Y179C; p.N550H 8; 11 1

P534 Missense variant c.3418 A>G p.S1140G 11 1

P563 Missense variant c.2412 G>C p.Q804H 11 1

P573 Missense variant c.4956 G>A p.M1652I 16 1

P614 Missense variant c.3418 A>G P.S1140G 11 1

P628 Missense variant c.4484 G>T p.D1546N 15 1

P648 Missense variant c.2521 OT; c.3119 G>A p.R841W; p.S1040N 11 1

P709 Missense variant c.3119 G>A p.S1040N 11 1

P725 Missense variant c.4956 G>A p.M1652I 16 1

P881 Missense variant c.2412 G>C p.Q804H 11 1

P932 Missense variant c.3119 G>A p.S1040N 11 1

P952 Synonymous variant c.591 C>T p.C197C 9 1

P1002 WT – – – –

P1003 WT – – – –

P1027 WT – – – –

P1040 WT – – – –

P1049 WT – – – –

P1051 WT – – – –

P1052 WT – – – –

P1103 WT – – – –

P1120 WT – – – –

P1143 WT – – – –

P1207 WT – – – –

P1223 WT – – – –

P39 MUT c.3598de110 – 11 Pathogenic mutation

P46 MUT c.3403de1A – 11 Pathogenic mutation

P122 MUT c.5492delC – 24 Pathogenic mutation

P194 MUT c.5035_5039delCTAAT – 17 Pathogenic mutation

P325 MUT c.5266dupC – 20 Pathogenic mutation

P358 MUT ex201 – 20 Pathogenic mutation

P439p MUT c.5035_5039delCTAAT – 17 Pathogenic mutation

P485 MUT c.l380dupA – 11 Pathogenic mutation

BRCA1 missense variants are classified according to IARC (International Agency for Research on Cancer) from class 1 benign to class 5 certainly pathogenic as reported
in Plon et al. (2008). BRCA1 missense variants tested in yeast deletion strains are reported in bold underlined.

According to functional studies in literature and
bioinformatics prediction tools, a putative clinical significance
was proposed. Variants were classified as follows:

• “Clearly pathogenic” (P): variants already reported in
literature and databases as pathogenic.
• “Probably pathogenic” (PP): variants never reported

before and predicted pathogenic by two of the three
major prediction tools interrogated (SIFT, PolyPhen2, and
MutationTaster2).
• “Probably benign” (PB): variants never reported before and

predicted benign by two of the three major prediction tools
interrogated.
• “Clearly Benign” (B): variants already reported in literature

and databases as benign.
• “Unknown”: no sufficient data available from literature,

databases, and prediction tools.

Sanger sequencing was performed to confirm the identified
variants. For each variant, Sanger Sequencing was also performed
in lymphocyte DNA.

RESULTS

HR Induced by Pathogenic BRCA1
Variants in Yeast Is Abolished in DNA
Repair Deletion Mutants
As the genetic pathways controlling DNA repair and
recombination are basically conserved from yeast to humans, we
used this microorganism in order to determine the functional
relations between BRCA1 and DNA repair. We have previously
reported that the expression of pathogenic BRCA1 missense
variants increased intra-chromosomal HR both in haploid and
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diploid yeast strain between two differentially deleted his3 alleles
that share 400 bp homology leading to formation of HIS3wt with
loss of LEU2 (Figure 1B; Caligo et al., 2009; Maresca et al., 2015).
In the present study, we evaluated the effect of the expression
of BRCA1wt and several missense variants (Figure 1A) on
HR frequency, in yeast strains defective for the key players of
HR, NHEJ, and MMR to assess which pathways may affect the
BRCA1-induced genome instability. Therefore, the following
strains were used: the HR defective strains RSY6rad511, the
NHEJ defective strains RSY6 mre111 and RSY6rad501, and
the MMR defective strain RSY6msh61. Results from RSY6 and
msh21 strain have been partially published and are reported
here for comparison (Maresca et al., 2015).

Previously, we reported that our yeast strains are able to
sustain BRCA1 expression driven by a galactose inducible
promoter; moreover, in the RSY6msh21 strain, all the BRCA1
missense variants used in this study are expressed at comparable
level (Caligo et al., 2009; Maresca et al., 2015; Lodovichi et al.,
2016). Here, we confirmed that each yeast strain expressed
the 220 kDa BRCA1 wt protein and the BRCA1 missense
variants (Supplementary Figure S1). The expression of the
pathogenic p.C61G, pA1708E, p.M775R, and p.I1766S, and the
neutral pS1512I BRCA1 variant induced a statistically significant
increase of intra-chromosomal HR in RSY6 strain as compared
to BRCA1wt (Figure 1C). The expression of the BRCA1 wt, the
neutral variants p.N132K, p.Y179C, and p.N550H, and the VUS
p.A1789T did not induce intra-chromosomal recombination in
the DNA repair-proficient RSY6 strain (Figure 1C). Previously,
we reported that the expression of neutral variants p.N132K
and p.Y179C induced a statistically significant increase in HR
in the diploid yeast strain RS112; this effect is much weaker
than the effect induced by the pathogenic variants (Caligo et al.,
2009). This may suggest that the haploid strain RSY6 could be
more reliable than the diploid strain to discriminate between
pathogenic and neutral variants. In general, we confirmed that
yeast is a good model to discriminate pathogenic BRCA1
variants from neutral polymorphisms. In the mre11, rad50,
and rad51 deletion strains, the expression of BRCA1 variants
p.C61G, pA1708E, p.M775R, p.I1766S, and pS1215I did not
increase intra-chromosomal HR (Figure 1C); this suggests that
a functional DNA DSB repair pathway is necessary for BRCA1
pathogenic variants to determine its effect on HR. These results
do not allow us to understand the precise mechanism by
which BRCA1 pathogenic variants increased HR in yeast. We
could speculate that the pathogenic variants could interfere with
the “recombination machinery” leading to an accumulation of
“intermediate” recombination substrates that could determine a
high level of DSB that could be responsible to the HR effect.
A similar effect was seen when the human MMR protein MLH1
was expressed in yeast (Shimodaira et al., 1998). Consequently, in
the DSB repair deletion strains mre11, rad50, and rad51 no effect
on HR was induced by BRCA1 variants indicating that these DNA
repair functions are required to BRCA1-induced HR.

In yeast and other eukaryotes, defects in MMR genes also
affect HR (Flores-Rozas et al., 2015; Chakraborty and Alani,
2016). Moreover, inactivation of MMR genes such as MSH2
and MSH6 determines an increase of resistance to anticancer

drugs that depends on HR (Durant et al., 1999). This confirms
a functional interplay between HR and MMR. In the RSY6msh2
deletion strain, the expression of BRCA1wt and several missense
variants increased intra-chromosomal HR with respect to the
negative control (pYES2), as already reported (Figure 1D;
Maresca et al., 2015). On the other hand, in the RSY6msh6
strain BRCA1 variants had no effect on intra-chromosomal HR
indicating that this MMR function is required to BRCA1 variants
to determine the effect on HR.

Expression of BRCA1 Variants Induced
Gene Reversion in RSY6 Strain and MMR
Mutants
As MMR defects are related to a general increase in gene mutation
(Bak et al., 2014), we have determined the effect of BRCA1
expression on yeast gene reversion in MMR-proficient RSY6 and
in the MMR defective msh2 and msh6 deletion mutants. We have
used the ilv1-92 reversion assay because it is one of the most
used reversion tests (Figure 1E; Zimmermann, 1975; Bronzetti
et al., 1990a; Galli et al., 1991). The expression of the pathogenic
p.M1775R, p.I1766S, and neutral p.N132K variants induced a
statically significant increase of gene reversion as compared to
BRCA1wt in RSY6 strain (Figure 1F). The pathogenic p.C61G
and p.I1766S and the neutral p.N132K, p.Y179C, and p.N550H
variants induced a significant increase of reversion in the RSY6
msh2 deletion strain (Figure 1F); the neutral p.N132K and
the pathogenic p.I1766S variant induced ILV1 reversion also in
the RSY6msh6 (Figure 1F). Moreover, in the msh61 mutant,
the expression of the VUS p.A1789T increased gene reversion
(Figure 1F). These results indicate that MMR could affect
BRCA1-induced genome instability. We could hypothesize that
the expression of the BRCA1 missense variant when MMR is
defective affects DNA replication fidelity as previously reported
(Powell and Kachnic, 2003).

Identification of DNA Repair Gene
Missense Variants in Tumor Samples
BRCA1-mutated breast cancers have been reported to show
genome instability mainly due to the defect in DSB repair (Kwei
et al., 2010). Previously, we found a high frequency of MSH2
missense variants in BRCA1 VUS carrier patients suggesting a
role of MMR in BRCA1 tumorigenesis (Maresca et al., 2015).
We thought to screen tumor samples to address whether other
DNA repair genes may be related to BRCA1 defective cancers.
In this study, 34 patients from HBOC families were enrolled:
31 affected by breast cancer and three by ovarian cancer. The
histopathological and clinical features of all patients are reported
in Supplementary Table S1. A total of 14 patients carried
BRCA1 variants (13 missense and one synonymous), eight carried
BRCA1 pathogenic mutations, and 12 patients were BRCA1wt.
The classification of the BRCA1 missense variants and the
type of BRCA1 mutations found in the patients were reported
in Table 1. Most BRCA1 missense variants are classified not
pathogenic (IARC class 1). Therefore, we can determine whether
the presence of mutations in genes other than BRCA1 could
have a role in HBOC. Mean age at diagnosis was approximately
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40 years. Most patients developed ductal infiltrating carcinoma
(IDC) of high grade (G3) (Supplementary Table S1).

To detect somatic mutations in DNA repair genes in breast
and ovarian cancer samples, DNA was extracted from FFPE
as described in Section “Materials and Methods.” The coding
regions and exon–intron boundaries of the MMR gene MSH6,
and HR/NHEJ genes RAD50, MRE11A, and RAD51 were
screened by NGS.

The somatic mutational screening identified 45 different
variants annotated by Ion Reporter 5.0.4. Among the variants,
20 were exonic and 25 were intronic; moreover, 19 variants were
unique and 26 were reported in more than one patient. All exonic
variants were single-nucleotide variations, in detail missense or
synonymous.

The pathogenicity of each filtered variant was predicted
using SIFT, PolyPhen-2, Grantham score, and MutationTaster2
prediction tools. For missense variants, the effect on protein
structure was also evaluated using the online web server HOPE3

which collects structural information on the 3D protein structure,
sequence annotations in UniProt, and predictions from DAS
servers (Venselaar et al., 2010). The intronic variants were
analyzed with Human Splicing Finder4, which predicts the effect
of mutations on splicing signals (Desmet et al., 2009). Moreover,
for each variant, an extensive literature revision and searching in
the major clinical and genetic databases (dbSNP, ClinVar, LOVD,
and COSMIC) was performed, to integrate in silico and functional
reports for each variant.

After filtering, 17 variants were obtained. They are listed
together with prediction tool scores in Table 2. The gene
harboring the major number of variants was MSH6 followed
by RAD50, MRE11A, and RAD51. Filtered variants were
confirmed by Sanger Sequencing. Seven variants were confirmed
in tumor tissues, while ten variants were not confirmed
due to Sanger Sequencing limitations (frequency <10%). The
variants confirmed by Sanger Sequencing were as follows:
MSH6 p.T305T, MSH6 p.N345Y, MSH6 p.A729A, RAD50
p.D675D, RAD50p.R850C, RAD50c.3165-4 A>T, and MRE11A:
c.1098+17 A>G.

Since variants with p-value >0.01 according to Ion Reporter
Software were discarded, these variants are less likely to be false
positive. All the variants were also assessed in lymphocyte DNA
and five variants were germline and two were somatic. The
remaining 10 variants were not detected in the germline, so were
considered somatic.

The pathogenic or predicted pathogenic variants, along with
the BRCA1 status and the effect on the protein structure
predicted by HOPE are reported in Table 3. In this cohort of
breast and ovarian tumors, four rare variants in MSH6, one
variant in RAD50, one variant in MRE11A, and two variants in
RAD51 have been identified. The two MSH6 variants, p.T1008I
and p.R1334Q, were already reported as pathogenic (Castiglia
et al., 2008; Wu et al., 2014); the other two variants, p.N345Y
and p.R841K, are novel and predicted pathogenic. The RAD50
variant, p.R850C, is scored pathogenic by all the prediction tools

3http://www.cmbi.ru.nl/hope
4http://www.umd.be/HSF3/

interrogated, and is reported in dbSNP (rs181961360) and in
ClinVar databases as unknown alteration. The MRE11A variant,
p.S632F, is predicted pathogenic and is reported in COSMIC
(Id: COSM5793819) in a breast cancer case. The RAD51 variants
p.S26L and p.A262T have never been described before. Two out
of eight pathogenic or predicted pathogenic somatic variants
were in two BRCA1 variant carriers, five variants were found
in three BRCA1wt patients, and one variant out was found in a
BRCA1 mutated patient. So, 14% of the BRCA1 variant carriers,
25% of the BRCA1wt, and 12.5% of the BRCA1 mutated patients
carry also a somatic mutation in this subset of DNA repair
genes. Considering patients carrying BRCA1 variants and BRCA1
pathogenic mutations as a unique category, the distribution
of somatic missense variants in MSH6, RAD50, MRE11A, and
RAD51 seems not to be affected by BRCA1 status.

DISCUSSION

Deficiencies in DNA repair are likely to cause chromosomal
instability that leads to cell malfunctioning and tumorigenesis.
Genetic polymorphisms in DNA repair genes are very common,
and several studies have demonstrated a significant association
of these polymorphisms with cancer risk (Goode et al., 2002;
Hung et al., 2005; Choudhury et al., 2014; Grundy et al., 2016;
Das and Ghosh, 2017). Recently, different DNA repair pathways
have been proposed to be jointly involved in cancer (Simonelli
et al., 2016). Moreover, to evaluate the efficiency of DNA repair
in breast tumor samples may be clinically relevant for therapy
(Li et al., 2010; Timms et al., 2014). Particularly, defects in
MMR genes are associated with a variety of cancers including
sporadic breast cancer (Murata et al., 2005). In this study,
we aimed to determine if BRCA1 partners involved in HR,
NHEJ, and MMR may contribute to breast and ovarian cancer
development.

Taking advantage of yeast genetics and considering the high
level of functional conservation of DNA repair pathways between
yeast and human, we expressed pathogenic and neutral BRCA1
missense variants in DNA repair yeast mutants to identify
functional interaction between BRCA1 and DNA repair proteins
(Mohammadi et al., 2015; Abugable et al., 2017). Importantly,
this study has confirmed yeast as good system to evaluate
the functional impact of clinically relevant BRCA1 missense
variants because most pathogenic variants increased HR, gene
reversion, or other effects (Caligo et al., 2009; Maresca et al.,
2015; Thouvenot et al., 2016). Moreover, we demonstrated
the DSB repair pathway and MSH6 protein are required so
that BRCA1 missense variants could induce intra-chromosomal
HR in yeast suggesting the involvement of BRCA1 in yeast
DNA repair. Previously, human MMR gene MLH1 has been
reported to potentially interfere with yeast MMR conferring a
mutator phenotype (Shimodaira et al., 1998). Similarly, BRCA1
pathogenic variants could interfere with yeast DNA repair
pathways leading to the formation of higher level of endogenous
DNA damage that can stimulate both intra-chromosomal HR and
gene reversion. In addition, it is possible that different variants
(pathogenic or neutral) could functionally interact with specific
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DNA repair genes and have differential effect when the specific
function is lacking.

To address whether DNA repair genes may have a role in
BRCA1 tumorigenesis, we performed a sequence analysis in
tumor samples from HBOC patients carrying BRCA1wt, BRCA1
mutations, or BRCA1 missense variants. We identified somatic
variants in the MMR gene MSH6 and in the DSB repair genes
RAD50, MRE11A, and RAD51. All genes have at least one
rare pathogenic or predicted pathogenic variant. We found
pathogenic or predicted pathogenic variants in 14% of BRCA1
missense variant carriers, in 25% of BRCA1wt patients, and in
12.5% of BRCA1 mutation carriers; therefore, the distribution
of these DNA repair variants seems not to be affected by
BRCA1 status. Pathogenic or predicted pathogenic variants
were identified in ∼=15% of patients confirming the potential
involvement of these DNA repair genes in the tumorigenesis
process. Due to Sanger sequencing limitations, we were not
able to confirm 10 somatic variants at low frequency obtained
after filtering. These variants are not false positive according to
the p-value supplied by Ion Reporter Software. To confirm this
evidence, we randomly selected one of these variants (MSH6
p.R841K) and successfully confirmed it by Droplet Digital PCR.

Two pathogenic and two new predicted pathogenic missense
variants were found in MSH6 gene. These variants were
identified in patients carrying BRCA1wt (patient P1002 and
P1143) or missense variant (patient P258, p.A1789T; patient
P881, p.Q804H). Interestingly, the expression of the BRCA1 VUS
p.A1789T (patient P258) increased gene reversion when MSH6 is
deleted in our yeast assay. Notably, the expression of the BRCA1
neutral variants p.Y179C and p.N550H (patient P519) increased
gene reversion in MSH2 deleted yeast strain; moreover, this
patient has been show to carry a MSH2 exon deletion (Maresca
et al., 2015). These results, together with the high frequency of
MSH2 somatic alterations previously observed in a subset of
BRCA1 carriers suggest that MMR might be frequently impaired
in breast cancer (Maresca et al., 2015). It is well known that
mutations in MMR genes destabilize the genome and can increase
cancer susceptibility and progression. Tumors harboring MMR
defects are characterized by the accumulation of mutations at
microsatellites repeat sequences (Peltomaki, 2001a,b; Hsieh and
Yamane, 2008; Haraldsdottir et al., 2016). Probably, defects in
the MMR not only could start malignant transformation but
might contribute to a “mutator phenotype.” This condition
could lead to the accumulation of genomic aberrations and/or
mutations resulting in a more aggressive behavior of the tumor.
Germline mutations in MSH6 are reported to be associated to
breast cancer, but no extensive study on evaluation of MSH6
somatic mutations in breast tumor samples is reported (Ollier
et al., 2015; Kraus et al., 2017). It has been reported that
mutations in genes encoding for MRN, involved primarily in
DNA DSB repair, can increase breast cancer risk (Damiola et al.,
2014). Notably, the assessment of DSB repair by measuring
RAD51 foci in breast tumor samples has been proposed as
predictor of chemo-sensitivity (Asakawa et al., 2010). Here, we
have identified a total of four pathogenic predicted variants
located in RAD50, MRE11A, and RAD51 genes. Importantly, in
the patients carrying these somatic variants, BRCA1 is mutated

(patient P46) or wt (patients P1002 and P1052). Actually, tumor
samples from patient P1052 carries two distinct variants one in
MRE11A and one in RAD51, suggesting that also DSB repair
may contribute to cancer development. Interestingly, all patients
with BRCA1wt (P1143, P1002, and P1052) carry mutations in
almost all genes analyzed; in particular, patient P1143 has both
MSH6 and RAD50 mutated, patient P1002 has MSH6, RAD50,
and MRE11A mutated and patient 1052 carries mutations in all
four genes analyzed.

Importantly, the functional impact of missense variants found
in these screening and located in MSH6, RAD50, MRE11A, and
RAD51 gene, was assessed using bioinformatics tools, but it is not
completely known if they are functionally linked with BRCA1.
Novel assays need to be developed in yeast and /or other model
systems to understand their effect DNA repair and functional
implications on BRCA1 activity. Altogether, this study suggests
that somatic missense variants in DNA repair genes, in particular
in MMR pathway, may contribute to breast and ovarian tumor
development. Anyhow, we did not find any correlation between
BRCA1 status and these somatic DNA repair variants. These
missense variants of DNA repair genes belonging to different
pathways may also represent new putative therapeutic targets
(Majidinia and Yousefi, 2017).

CONCLUSION

The evaluation of functional impact of somatic variants on
protein function could be important also to identify novel
therapeutic targets. Here, we have proposed a novel functional
approach based on yeast as genetic system to fast evaluate
the functional interaction between DNA repair pathways and
BRCA1 status, in order to give a new clue for precision medicine
strategies. Therefore, the exploitation of yeast genetics to evaluate
which DNA pathway is required to BRCA1 variant to affect
genome stability could be relevant for therapy; combining these
data with available genetic data could help geneticists in risk
management of BRCA1 VUS carriers (Milne and Antoniou,
2016). Straightforwardly, MMR affects gene reversion in yeast
expressing BRCA1 mutated or BRCA1 missense variant, and
MSH2 and MSH6 deleterious mutations were found in patients
carrying BRCA1 variants. This aspect may strengthen yeast as
model system to study functional interrelationship between DNA
repair and BRCA1.
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FIGURE S1 | Expression of human BRCA1 wt and missense
variants in the RSY6wt and in DNA repair mutant strains of S. cerevisiae.
BRCA1 was detected in the total protein extracts from yeast strains
grown in galactose by Western blot analysis with anti-BRCA1 antibody. Extracts
from yeast expressing BRCA1 wild-type and missense variants were loaded as
indicated on the top of the figure. In blue extract were prepared from yeasts
expressing neutral variants, in red form yeast expressing pathogenic variants, in
green from the VUS-expressing yeast, and in black from BRCA1wt or negative
control (vector pYES2). The level of BRCA1 was determined in all the strains
used: RSY6, mre111, rad501, rad511, and msh61. Western blot analysis in
msh21 strain was already reported (Maresca et al., 2015). Loading control was
evaluated by detecting the level of PGK.

TABLE S1 | Histopathological and clinical features of patients. Histotype, grade
and receptors status of the tumors are reported.
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