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Abstract Despite extensive analysis of the BRCA1 and

BRCA2 genes, germline mutations are detected in\20% of

families with a presumed genetic predisposition for breast

and ovarian cancer. Recent literature reported RAD51C as

a new breast cancer susceptibility gene. In this study, we

report the analysis of 410 patients from 351 unrelated

pedigrees. All were referred for genetic testing and we

selected families with at least one reported case of ovarian

cancer in which BRCA1&2 mutations were previously

ruled out. We analyzed the coding exons, intron–exons

boundaries, and UTRs of RAD51C. Our mutation analysis

did not reveal any unequivocal deleterious mutation. In

total 12 unique sequence variations were identified of

which two were novel. Our study and others suggest a low

prevalence of RAD51C mutations with an exception for

some founder populations. This observation is in favor of

the rare allele hypothesis in the debate over the nature of

the genetic contribution to individual susceptibility to

breast and ovarian cancer and further genome-wide studies

in high risk families are warranted.
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Introduction

Breast cancer is the most common type of cancer in

women. It was estimated that 421,000 new breast cancer

cases were diagnosed among European women in 2008,Electronic supplementary material The online version of this
article (doi:10.1007/s10549-012-1998-4) contains supplementary
material, which is available to authorized users.
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accounting for 28% of all new cancer cases [1]. Approxi-

mately 5% of all breast cancer cases can be attributed to

germline mutations in BRCA1 and BRCA2, two tumor

suppressor genes involved in maintaining genome integrity

[2]. As numerous genetic linkage studies failed to identify

additional high risk genes, it has been hypothesized that the

remaining breast cancer clustering among families might

not be explained simply by inheritance of variants in

additional major high risk breast cancer susceptibility

genes. Chance clustering and shared environmental and

lifestyle factors may account for part of the familial breast

cancer cases. However, twin studies have shown that the

breast cancer risk for unaffected monozygotic twins with a

co-twin diagnosed with breast cancer is higher compared to

the risk for dizygotic twins. This strongly suggests that a

significant proportion of the remaining familial breast

cancer risk is likely due to genetic factors [3, 4].

As BRCA1 and BRCA2 are involved in DNA repair, and

heterozygous mutations in DNA repair genes such as ATM

and TP53 have been associated with an increased breast

cancer risk, most candidate gene approaches focused on

genes involved in DNA repair. Thus far, this candidate

gene approach has led to the identification of moderate risk

breast cancer genes (CHEK2, ATM, BRIP1, PALB2, and

NBS1). Variants in these intermediate penetrance genes are

currently estimated to account for 5% of familial breast

cancer risk [5].

The link between DNA repair and breast cancer sus-

ceptibility became even more intriguing after homozygous

mutations in BRCA2 were found to be responsible for

Fanconi Anaemia (FA) and BRCA2 was shown to be

identical with FANCD1 [6]. No biallelic germline BRCA1

mutations were reported in FA patients so far, but biallelic

mutations in two other breast cancer susceptibility genes,

PALB2 (FANCN) and BRIP1 (FANCJ), have been identi-

fied in FA patients, giving rise to complementation group

FA-N and FA-J, respectively [7].

Recently, a fourth gene was found to be probably

associated with both FA and breast cancer susceptibility.

Vaz et al. [8] described an FA-like phenotype in a con-

sanguineous Pakistani family with three affected children.

These three patients exhibited various severe congenital

anomalies, and a homozygous missense mutation in the

RAD51C gene was found to be causative. Because three

genes (BRCA2, PALB2, BRIP1) were already known to be

associated with both FA and breast cancer susceptibility, it

seemed feasible to screen breast cancer families for

monoallelic mutations in the RAD51C gene. Meindl et al.

[9] detected six monoallelic pathogenic mutations in

RAD51C by screening 1,100 unrelated German women

with gynecologic malignancies (breast and/or ovarian

tumors). Strikingly, all six deleterious mutations were

exclusively found within 480 BRCA1/2 negative patients

from families with at least one ovarian cancer case. No

deleterious mutations were found in breast cancer only

families [9]. These results support RAD51C as a new

breast/ovarian cancer susceptibility gene and according to

its function and similarities with the other breast cancer

susceptibility genes its role as tumor suppressor gene and

caretaker has been stated. Recently, the gene coding for

RAD51D, a protein that interacts with RAD51C, was dis-

covered as an ovarian cancer susceptibility gene [10], but

strikingly the association with breast cancer risk was sta-

tistically not significant in the British population.

In this study, we report the analysis of 410 patients from

351 unrelated pedigrees selected because they contained at

least one reported case of ovarian cancer and in which

BRCA1&2 mutations were previously ruled out. We ana-

lyzed the coding exons and intron–exon boundaries of

RAD51C in probands affected by breast, ovarian cancer or

both and 24 unaffected cases with a first degree relative

with ovarian cancer.

Materials and methods

Patient population

Hereditary breast and ovarian cancer families were

recruited from cancer genetics clinics in Belgium, the

Netherlands, and Canada. In all families, at least one

individual with breast cancer and one individual with

ovarian cancer (reported in a first, second or third degree

relative) was present. Affected males and presymptomatic

probands were included if there was an extensive family

history for breast and ovarian cancer and no other relatives

were available.

All probands consented to participate in the study which

was approved by relevant Institutional Review Boards. In

total 351 cases from unrelated families were screened (214

from Flanders, Belgium, 108 from the Netherlands, and 29

from Quebec, Canada). All patients were negative for

BRCA1/BRCA2 mutations based on a mutation panel (for

Ashkenazi Jewish and French Canadian cases in Canada)

or full gene screening, including analysis of complete

coding region and MLPA (Dutch and Belgian patients).

Mutation analysis

Genomic DNA from patient blood leukocytes was extrac-

ted according to standard methods. Analysis was per-

formed in laboratories at two sites, Ghent and Montreal. In

Ghent, primers were designed to cover the full coding

sequence, 30 and 50 UTR and intron-exon boundaries

encompassing all nine exons of RAD51C. RAD51C primers

used in Montreal were as described by Vas et al., except
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exon 2 and 6 (both were redesigned). In Montreal, 25/29

families were analyzed by direct Sanger sequencing and

4/29 by High resolution melting (HRM) followed by

Sanger sequencing of the aberrant melting curves. In

Ghent, 381 patients were analyzed by HRM on the 96-well

or 384-well Lightscanner instrument (Idaho Technology)

followed by sequencing of the fragments with aberrant

melting curves. M13-tails were fused to the primers to

simplify the sequencing process afterward. Primer

sequences are available in Supplemental Table 1A and 1B.

Detailed methods, including details of primers are provided

in the Supplementary information (Supplementary Text).

Disease-causing potential of identified sequence variants

was assessed using the Alamut 2.0 (interactive biosoft-

ware) program. This software includes splicing predictions

based on different algorithms (SpliceSiteFinder, MaxEnt-

Scan, NNSPLICE, GeneSplicer) and automated access to

web-based variant scoring methods (PolyPhen, SIFT,

Align-GVGD) for missense variants.

Results

We successfully analyzed the complete coding region and

splice sites of RAD51C in 351 unrelated probands with a

family history for both breast and ovarian cancer. No

unequivocal deleterious RAD51C mutation was identified

in our study population. In total our mutation analysis

revealed 12 unique sequence variations of which two have

to our knowledge never been reported before. An overview

of all detected variants is given in Table 1.

RAD51C c.-78T[C (50 flanking) and RAD51C c.-

36A[G (50 UTR) have not been described before and are

considered as variants of unknown clinical significance.

These two variants are not predicted to alter splicing by in

silico tools; hence, no further investigations were per-

formed. Four of the remaining detected variants are not

listed in dbSNP 132, but were previously described in lit-

erature. We identified the intronic variant RAD51C c.572-

17G[T only once but it was previously reported by Ro-

mero et al. [11] in four breast cancer only families.

Two missense variants RAD51C c.506T[C (p.Val169Ala)

and c.790G[A (p.Gly264Ser) were previously reported by

Meindl et al. [9] and functional studies suggest that none of

these variants is clinically important. We identified RAD51C

c.506T[C (p.Val169Ala) only once and RAD51C c.790

G[A (p.Gly264Ser) in four index patients from breast and

ovarian cancer families. The recurrence of RAD51C c.790

G[A (p.Gly264Ser) among breast and ovarian cancer cases

is in agreement with previous studies. Significant over-rep-

resentation of p.Gly264Ser was found previously by Meindl

et al. among breast and ovarian cancer families and in an

unselected ovarian cancer cohort by Thompson et al. [9, 12].

In addition, several frequent SNPs were identified: RAD51C

c.-26C[T (rs12946397), c.-54C[G (rs28363298), c.904?

34T[C (rs28363318), c.376G[A (p.Ala126Thr) (rs61758

784), c.859A[G (p.Thr287Ala) (rs28363317) and c.*25C[G

(rs28363336). Most of these SNPs are common in the Western

population and were therefore identified in several other studies

[11, 13, 14]. For none of these SNPs in silico predictions pointed

in the direction of possible truncation of the protein function so

no further prevalence or functional studies were performed.

Discussion

In this study, we evaluated the prevalence of RAD51C

germline mutations in 351 families with a family history for

both breast and ovarian cancer but no unequivocal patho-

genic mutation could be identified. In the initial report

stating RAD51C as a breast and ovarian cancer suscepti-

bility gene [9], the coding sequence of RAD51C was ana-

lyzed in 1,100 index cases of German families with

gynecological malignancies. Strikingly, the six monoallelic

pathogenic mutations identified were detected exclusively

in a subgroup of 480 families, where both ovarian and breast

cancer was present. This resulted in a prevalence of 0.5% in

the studied breast/ovarian cancer population compared to

1.3% prevalence in families, where both breast and ovarian

cancer are present. Besides the initial study, we found 11

additional reports in the literature investigating the preva-

lence of RAD51C mutations and six of them were negative

[11–21]. In these 11 studies, the complete coding and splice

site region of RAD51C was investigated in 3.382 patients

and in total nine (0.3%) unequivocal deleterious RAD51C

mutations were identified. This overall prevalence is in the

same range as the initial study but when families are sub-

divided in subgroups of patients with a family history for

both breast and ovarian cancer the prevalence of RAD51C

mutations remains similar (0.5% (5/966)). The additional

four mutations were detected in ovarian cancer patients with

or without a family history for the disease. There may be a

founder effect for RAD51C mutations in the European

Nordic countries, seven out of the nine patients carrying a

RAD51C mutation are of a Swedish or Finnish descent, an

observation that may distort the overall prevalence num-

bers. However, further investigations will be necessary

since different RAD51C mutations were detected among the

Finnish and Swedish population and the increased preva-

lence may therefore be coincidental. Furthermore, the

mutation prevalence may be underestimated in our calcu-

lations because we included only mutations with a clearly

damaging impact on protein function. Some missense

variants may prove to be damaging as well.

So far, no unequivocal pathogenic mutations have been

identified in unselected breast cancer cases or breast cancer
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only families. However, several putative pathogenic mis-

sense variants have been identified in breast cancer only

families. We did not include these two subgroups in our

study (Table 2). Furthermore, the identification of RAD51C

mutations in families with a mixed phenotype and (unse-

lected) ovarian cancer cases with a family history for

ovarian cancer only, points rather toward a role as ovarian

cancer susceptibility gene. Further evidence on the link

between RAD51C and ovarian cancer might be the recent

discovery of RAD51C’s direct interaction partner RAD51D

as an ovarian cancer susceptibility gene [10]. Loveday

et al., found a significant higher prevalence of RAD51D

mutations in families with more than one case of ovarian

cancer. In contrast, the majority of RAD51C mutations are

detected in families with only 1 case of ovarian cancer, a

subgroup largely covered in our study population (271

patients). An overview of the prevalence of previously

reported RAD51C mutations in different patient subgroups

is given in Table 3. Due to the low prevalence of RAD51C

mutations and the lack of information on the number of

ovarian cancer patients present in all investigated families

in literature, it remains difficult to come to similar con-

clusions as for RAD51D, but the link between RAD51C and

ovarian cancer warrants further investigations.

It is clinically important to identify patients with RAD51C

germline mutations, patients and their family members will

benefit from appropriate genetic counseling. Furthermore,

carcinomas with RAD51C mutations are likely to be deficient

in homologous recombination and thereby susceptible to

PARP inhibitors. We and others failed to detect germline

BRCA1&2 or RAD51C mutations in significant numbers of

families with a clear autosomal dominant inheritance pattern

of breast cancer, this supports the concept of the existence of

additional breast cancer susceptibility genes and this is cur-

rently being investigated by new sequencing approaches. A

whole exome/genome approach might help finding some

missing pieces of the puzzle.

In conclusion, we were unable to confirm the role of

RAD51C germline mutations in families with a history for

both breast and ovarian cancer. Our study and others suggest

a low prevalence of RAD51C mutations with an exception for

some founder populations. Further genome-wide studies in

selected high risk families will allow the identification of rare

high penetrant alleles contributing to individual genetic sus-

ceptibility to breast and ovarian cancer.
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