RESEARCH ARTICLE
OFFICIAL JOURNAL

Analysis of BRCA1 Variants in Double-Strand Break Repair
by Homologous Recombination and Single-Strand
Annealing

www.hgvs.org

William I. Towler,1 Jie Zhang,1 Derek J. R. Ransburgh,1 Amanda E. Toland,2 Chikashi Ishioka,3 Natsuko Chiba,4
and Jeffrey D. Parvin1 ∗
1

Department of Biomedical Informatics and the Ohio State University Comprehensive Cancer Center, Ohio State University, Columbus, Ohio;
Department of Molecular Virology, Immunology, and Medical Genetics and the Ohio State University Comprehensive Cancer Center, Ohio State
University, Columbus, Ohio; 3 Department of Clinical Oncology, Institute of Development, Aging, and Cancer, Tohoku University, Sendai, Japan;
4
Department of Molecular Immunology, Institute of Development, Aging, and Cancer, Tohoku University, Sendai, Japan
2

Communicated by David E. Goldgar
Received 6 July 2012; accepted revised manuscript 24 October 2012.
Published online 15 November 2012 in Wiley Online Library (www.wiley.com/humanmutation). DOI: 10.1002/humu.22251

ABSTRACT: Missense substitutions of uncertain clinical
significance in the BRCA1 gene are a vexing problem in
genetic counseling for women who have a family history of
breast cancer. In this study, we evaluated the functions of
29 missense substitutions of BRCA1 in two DNA repair
pathways. Repair of double-strand breaks by homologydirected recombination (HDR) had been previously analyzed for 16 of these BRCA1 variants, and 13 more variants were analyzed in this study. All 29 variants were
also analyzed for function in double-strand break repair
by the single-strand annealing (SSA) pathway. We found
that among the pathogenic mutations in BRCA1, all were
defective for DNA repair by either pathway. The HDR
assay was accurate because all pathogenic mutants were
defective for HDR, and all nonpathogenic variants were
fully functional for HDR. Repair by SSA accurately identified pathogenic mutants, but several nonpathogenic variants were scored as defective or partially defective. These
results indicated that specific amino acid residues of the
BRCA1 protein have different effects in the two related
DNA repair pathways, and these results validate the HDR
assay as highly correlative with BRCA1-associated breast
cancer.
C 2012 Wiley Periodicals, Inc.
Hum Mutat 34:439–445, 2013. 
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Introduction
Among the more than 70,000 women who had their BRCA1
gene (MIM# 113705) sequenced by 2006, approximately 2.3% were
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found to carry a BRCA1 variant of uncertain significance (VUS).
These variants were classified as uncertain because they occurred
in families wherein segregation analysis had not been done or in
whom the segregation analysis was not informative and thus the
VUS had unknown effects on breast and ovarian cancer risk [Hall
et al., 2009; Spearman et al., 2008; Sweet et al., 2009]. As whole
genome and exome sequencing becomes a more prevalent practice,
more VUSs in BRCA1 will be uncovered, and increasingly women
will face the quandary of an uninformative genetic test. This leads
to individuals with a VUS test result making decisions about cancer
screening and prevention without concrete information on which
to base their decisions. Women who have an indeterminate BRCA1
sequence result and a family history of breast cancer have a high level
of distress, and there are no consistent clinical guidelines for advising them [Dorval et al., 2005; Petrucelli et al., 2002; van Dijk et al.,
2006]. Of the 567 BRCA1 missense substitutions listed in the current
Breast Cancer Information Core (BIC) database, 14 are described as
pathogenic (Class 5) and 27 as nonpathogenic (Class 1). By including the data from Collaborators for the Investigation of Modifiers
of BRCA1/2 (CIMBA), a total of 24 BRCA1 variants are pathogenic
(CIMBA database). Less than 10% of the missense substitutions in
the BIC database have known cancer predisposition. In the absence
of definitive genetic information on BRCA1 missense substitutions,
other methods are needed to determine whether missense substitutions are pathogenic. Multifactorial approaches have augmented
genetic segregation analysis with additional information about the
proband and, in some cases, the tumor [Easton et al., 2007; Goldgar
et al., 2004; Lindor et al., 2012; Plon et al., 2008; Spearman et al.,
2008; Sweet et al., 2009]. These approaches have been successful
in reclassification of variants but are also incomplete because they
cannot definitively determine whether any given variant affects the
critical cancer suppressing function(s) of the protein [Millot et al.,
2012]. In contrast, a biological functional assay has the potential
to determine whether any given BRCA1 missense substitution is
defective in a process, and if that function is predictive of cancer
predisposition (i.e., 100% sensitive and 100% specific), then the
functional assay can, in theory, be used in genetic counseling.
A variety of biological assays have been analyzed for BRCA1 function and have been correlated with cancer predisposition to various
extents [Carvalho et al., 2007; Cotta-Ramusino et al., 2011; Kais
et al., 2012; Lee et al., 2010; Millot et al., 2012; Morris et al., 2006;
Ransburgh et al., 2010; Vallee et al., 2012]. Several of these assays test
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single domains of BRCA1, and several address the variant within
the context of the full-length protein. In this study, we analyzed
the effects of 29 missense substitutions in BRCA1 on the repair of
double-strand DNA breaks (DSBs) by homologous recombination
and by the single-strand annealing (SSA) pathways. Our results indicate that the effects of specific missense mutations in these pathways
strongly correlate with breast cancer predisposition. Further, we find
that specific amino acid substitutions affect the two double-strand
break repair pathways differentially.

Statistical Analysis of Results
The raw results in the SSA assay for the missense substitutions
were compared with the control samples (either GL2 siRNA or
BRCA1 siRNA with BRCA1-wt add back) using the unpaired Student’s t-test and obtained the one-tail P values; for intermediatephenotype mutants, besides the above-mentioned comparisons, we
also conducted the unpaired Student’s t-test against the control
sample that contains BRCA1 siRNA with empty vector adding back,
and obtained the one-tail P values. P values of less than 0.01 were
considered significant.

Materials and Methods
Plasmids and Cell Lines
All plasmids for the expression of human BRCA1 with missense
substitutions were generated by site-directed mutagenesis from the
wild-type sequence (GenBank: U14680.1). Several of these plasmids
had been described in previous publications [Ransburgh et al., 2010;
Wei et al., 2008]. The cell line for the homologous recombination
assay, HeLa-DR, was based on the genomic integration of a specific
vector that functions as a recombination substrate [Pierce et al.,
2001]. The vector for homologous recombination had been the gift
of M. Jasin (Memorial Sloan Kettering Cancer Institute, New York,
NY). The HeLa-DR had been described before [Parvin et al., 2011;
Ransburgh et al., 2010]. The repair of double-strand breaks by the
SSA pathway was based on a vector kindly provided by J. Stark
(City of Hope, Duarte, CA) [Bennardo et al., 2008; Stark et al.,
2004] stably integrated into HeLa cells to make the HeLa–SSA cell
line. The siRNA targeting the cellular BRCA1 3 untranslated region
(UTR) is the same as previously used [Ransburgh et al., 2010].

SSA Assay
HeLa–SSA cells were seeded in 15.6-mm-diameter wells in
24-well plates, and when cells were 50% confluent, cells were transfected with 5 pmol of the siRNA targeting the BRCA1 3 -UTR plus
0.3 µg of the BRCA1 expression plasmid in Lipofectamine 2000
reagent (Life Technologies, Grand Island, NY). At 24 hr after transfection, cells were transferred to 35-mm-diameter wells in six-well
plates. At 48 hr, cells were transfected with 25 pmol of the BRCA1 3 UTR-specific siRNA plus 0.75 µg BRCA1 expression plasmid plus
0.75 µg pCBASce (for the expression of I-SceI) in Lipofectamine
2000 reagent. After 3 days, cells are harvested by trypsinization, and
the fraction of GFP-positive cells is determined using a FACScalibur
flow cytometer (BD Biosciences, San Jose, CA) (Analytic Cytometry Shared Resource of The Ohio State University Comprehensive
Cancer Center).

Western Blot Analysis of BRCA1 Protein
Immunoblots of the expressed BRCA1 protein were done as has
been described previously [Ransburgh et al., 2010]. Cells that had
been transfected as in the SSA assay were, in parallel, extracted in
0.1% NP-40, 0.05 M Hepes (pH 7.5), and 0.005 M EDTA. Protein
contents of extracts were determined using the Bradford reagent;
and 50 µg of protein was electrophoresed on 3–8% Nu-PAGE gels
(Life Technologies, Grand Island, NY) M. Jasin (Memorial Sloan
Kettering Cancer Institute, New York, NY), transferred to polyvinylidene fluoride membranes, and immunoblotted using antibody specific to BRCA1(400–1,100). Densitometry analysis was performed
from immunoblots using Kodak 1D software (Eastman Kodak Company, Rochester, NY).
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Results
Function of BRCA1 Variants in DNA Break Repair by
Homologous Recombination
The BRCA1 protein has been shown to be a critical component
of the response to DSBs. Cellular machinery can utilize homologous sequences to accurately repair the DSB, or the free ends can
be joined by nonhomologous end joining. In addition to homologous recombination, the pathway of SSA exists by which the repair
proteins resect DNA from the free ends of the DSB, and when short
stretches of homologous sequence are exposed, then the DNA ends
are rejoined [Stark et al., 2004]. The homologous recombination
assay used in this study was based on a method developed by the
Jasin laboratory in which a single integrated genomic locus contains
two inactive GFP genes, and one of these contains the endonuclease
cleavage site for the rare-cutting I-SceI enzyme [Pierce et al., 2001].
Upon expression of I-SceI in the cell, one inactive allele of GFP is cut,
and if homologous recombination occurs using the second inactive
GFP gene as the homology template, then the DNA repair results
in gene conversion making the GFP gene become active (Fig. 1A).
The SSA assay is based on an analogous strategy in which the GFP
protein is not expressed because of intervening DNA sequence, with
an I-SceI site at the 3 end of the intervening DNA. Upon expression
of the I-SceI endonuclease, the DSB is generated, and resection of
the intervening sequence reveals homologous GFP sequences that
are aligned and repaired [Stark et al., 2004] (Fig. 1B). These two
processes depend on sequence homologies for the repair, but there
are functional differences. The Rad51 and BRCA2 proteins are required for the homology-directed recombination (HDR) assay, but
are not required for the SSA assay [Moynahan et al., 2001; Stark
et al., 2004].
For each assay, we have established HeLa-derived cell lines with
the published recombination substrate [Pierce et al., 2001; Stark
et al., 2004] integrated in the genome at a single site. The HeLa-DR
cell line assays HDR, and the HeLa–SSA cell line is used to assay SSA.
The HDR and the SSA assays have a similar experimental design with
a depletion of BRCA1 by transfection of a siRNA that is specific
for the 3 -UTR of the BRCA1 mRNA. We cotransfect a BRCA1
expression plasmid that is not affected by the siRNA and which
expresses the variant BRCA1 protein. After 2 days, we repeat the
transfection and also transfect a plasmid that encodes the expression
of the I-SceI endonuclease to generate the DSB in the presence of the
variant BRCA1. After 3 days, we assay the cells for GFP expression
by flow cytometry. The timeline of the experiment is shown in
Figure 1C.
We have previously analyzed 16 variants of BRCA1 in a tissueculture-cell-based assay for repair of DSBs via homologous recombination [Ransburgh et al., 2010]. Using the HeLa-DR cell line
developed by us, up to 20% of the cells convert to GFP positive. This

Figure 2. Analysis of 13 missense substitutions of BRCA1 in the
Figure 1. The double-strand DNA break (DSB) repair assay system.
A: The HDR recombination substrate [Pierce et al. 2001] is diagrammed.
The upstream GFP allele is defective because of the inclusion of an
I-SceI site in its sequence. The downstream GFP allele is defective
because of another lesion and provides a donor sequence to repair
via homologous recombination the I-SceI-generated DSB. B: The SSA
recombination substrate [Stark et al., 2004] is diagrammed. After the ISceI-generated DSB, intervening sequence is resected until homology
in the GFP encoding sequences is revealed, permitting repair. C: The
timeline of the typical experiment is indicated. Cells are transfected
with a siRNA targeting the 3 -UTR of the BRCA1 mRNA plus a plasmid
that expresses the BRCA1 variant and which is resistant to the siRNA.
After 2 days, the siRNA and the BRCA1 variant expressing plasmid
are transfected again along with a plasmid that expresses the I-SceI
endonuclease. After 3 days, the cells are harvested and analyzed for
GFP expression by flow cytometry.

high level of recombination enables the quantitative analysis of variants in BRCA1 in this process. The endogenous BRCA1 mRNA is
depleted by siRNA targeting the 3 -UTR, and a BRCA1 variant that
is resistant to the siRNA is simultaneously expressed from a plasmid
[Parvin et al., 2011; Ransburgh, et al., 2010]. A quantitative measure of the function of the BRCA1 variant is determined from the
percentage of cells that convert to GFP positive.
In this study, we first analyzed an additional 13 BRCA1 variants for
function in HDR (Fig. 2). Twelve of the BRCA1 variants spanned
amino acid residue 90 through 191 and were identified from the
Breast Information Core (http://research.nhgri.nih.gov/bic/). These
were expressed from the plasmid as full-length proteins. All 12 variants are listed in the BIC as having unknown phenotype with regard
to predisposition to breast cancer. Several of these have been evaluated using a multifactorial classification system, and of these 12
variants, seven were nonpathogenic [Lindor et al., 2012]. These
were chosen because the function of this domain was unknown
and because many of these variants have been reported to be nonpathogenic. By testing the known nonpathogenic variants in this
assay, we provide a specificity control for the functional test. The
13th variant tested is a known deleterious mutant in the carboxy
terminus of the BRCA1 protein, M1775R. In these experiments, the
percentage of cells that were GFP positive when transfected with the
control siRNA and the control plasmid were set equal to 1%. All
other results were normalized to this control, and all results were
from three or more separate experiments. Depletion of BRCA1 and
transfection with empty plasmid resulted in a value of 0.09 relative
to the control (Fig. 2, lane 2). Thus, BRCA1 depletion has an over

homology-directed repair assay. HeLa-DR cells were transfected with a
siRNA that depleted the endogenous BRCA1 and with a plasmid that expressed the indicated BRCA1 variant. After generating a double-strand
DNA break by expressing the I-SceI endonuclease, functional homologous recombination results in the conversion of cells to positive for GFP.
The fraction of GFP-positive cells was determined by flow cytometry,
and results from each experiment were normalized according to the
fraction of GFP-positive cells in the control transfection (lane 1). In each
lane, the siRNA was targeted to a control (C; lane 1) or to the BRCA1
3 -UTR (B; lanes 2–16). The co–transfected plasmids were either empty
vector (lanes 1 and 2), expressed wild-type BRCA1 (lane 3), or expressed
the indicated BRCA1 variant (lanes 4–16). All experiments were done in
triplicate. Error bars indicate the SEM.

10-fold effect reducing the level of homologous recombination. Depleting BRCA1 and transfecting a plasmid that expressed wild-type
BRCA1 resulted in full restoration of homologous recombination
(Fig. 2, lane 3). Among the variants with substitutions in residues
from 90 to 191, all 12 functioned as wild type in the homologous
recombination assay (Fig. 2, lanes 4–15) (P < 0.002 compared with
depleted BRCA1). By contrast, the 13th tested missense substitution,
a known pathogenic mutant BRCA1–M1775R, did not complement
the depletion of BRCA1 in this assay (Fig. 2, lane 16) (Pv = 0.0014
compared with wild-type BRCA1).

Function of 29 Variants of BRCA1 in the Repair of DNA
Breaks by the SSA Pathway
The 16 BRCA1 variants that had previously been tested for function in homologous recombination [Ransburgh et al., 2010] and
the 13 BRCA1 variants tested in this study (Fig. 2) were analyzed
for function in SSA repair. The recombination substrate [Bennardo
et al., 2008; Stark et al., 2004] was based on similar design as the homologous recombination substrate with the exception that restoration of GFP activity occurs when the two inactive GFP genes are
repaired by SSA. HeLa cells were stably transfected with the SA–
GFP construct, and a clone was selected that had no detectable
background GFP signal. Upon transfection of the I-SceI-expressing
plasmid, about 5–7% of cells became GFP positive, indicative of
a functioning SSA pathway. Depletion of BRCA1 resulted in a decrease to about 1–2% GFP-positive cells (Fig. 3, lane 2), indicating a
role for BRCA1 in the SSA repair pathway that had been previously
observed [Stark et al., 2004]. Depletion of BRCA1 resulted in about
25% of the activity found in nondepleted cells. As had been observed
with the homologous recombination assay, transfection of a plasmid expressing wild-type BRCA1 fully complemented the defect in
SSA due to depletion of the endogenous BRCA1 (Fig. 3, lane 3).
HUMAN MUTATION, Vol. 34, No. 3, 439–445, 2013
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Figure 3. Analysis of 29 missense substitutions of BRCA1 in the SSA assay. HeLa–SSA cells were transfected as in Figure 2 with plasmids that
express the 29 tested missense substitutions of BRCA1. Results of the fraction of cells that had converted to GFP positive within an experiment
were normalized to the control experiment (lane 1). The Student’s t-test was applied to results, and if the SSA results were significantly different
from the control lane, then it is indicated with asterisks. P values were: <0.01 (∗), <0.001 (∗∗), or <0.0001 (∗∗∗). Results were also compared with
fully defective (lane 2); and in some cases, the results were statistically different from the defective as well (indicated with a cross; P < 0.01). These
latter variants were judged to be intermediate in phenotype. All experiments were done in triplicate. Error bars indicate the SEM.
By contrast, depletion of endogenous BRCA1 and expression of a
known pathogenic mutant of BRCA1, M1775R, was as defective in
SSA as had been transfection of the empty vector (Fig. 3, lane 32).
Similar to previous observations with the zinc-coordinating mutants of BRCA1, these residues were all required for SSA repair of
double-strand breaks (Fig. 3, lanes: 6, 7, 10, 11, 13, 14, 16, and 17).
As was found for the homologous recombination assay, the M18T
variant and the T37R variant were defective for SSA repair. The
L52F variant had reduced levels of SSA repair, approximately 69%
of wild-type activity (Fig. 3, lane 15), although this value was not
significantly different from wild type. The D67Y variant, a known
nonpathogenic variant [Easton et al., 2007], was fully active in SSA
repair (lane 18).
Results diverged between the SSA and the homologous recombination assays for the variants in residues 90 through 191. The
BRCA1–I90T variant functioned in the homologous recombination
assay, but in the SSA assay, it was 47% as active as wild type (t-test
for differing from wild-type P < 0.01; lane 20). The Y105C variant
was statistically different from both wild-type BRCA1 and empty
vector (indicated with both an asterisk and a cross; lane 21). This
Y105C variant thus has intermediate phenotype, neither fully active
nor fully defective. Similarly, the P142H, E143K, and the R170Q had
intermediate phenotype (lanes 25, 26, and 28). The V191D variant
was also defective for SSA repair (lane 31). Interestingly, the S153R
and S186Y variants had diminished activity, but the change in activities was not statistically significant from the wild type. Thus, these
variants were not scored as defective. Seven of the variants tested
had assay-specific phenotypes, suggesting that how BRCA1 interacts with repair factors in the homologous recombination pathway
is different from factors that BRCA1 binds in the SSA pathway.
When replacing the endogenous BRCA1 protein with a variant
BRCA1, there is the concern that the expression levels be consistent
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with the levels of the endogenous in nondepleted cells. A defective
phenotype could be masked by high levels of overexpression of the
variant protein, or the phenotype of a functional protein might not
be observed because of poor protein expression. The 16 variants with
missense substitutions between residues 18 and 71 had been tested in
HeLa-derived cells and the expression of each variant was similar to
the endogenous in each case [Ransburgh et al., 2010]. For expression,
we tested the missense substitutions between residues 90 and 191
and also residue 1775, and found that they all express approximately
similarly as the endogenous BRCA1 (Fig. 4). Normalized results
from densitometry analysis are presented beneath each lane. Protein
from nontransfected cells and from control siRNA and empty vector
transfected cells had similar amounts of BRCA1 protein (Fig. 4,
lanes 1 and 2). Depletion of BRCA1 and add back with empty
plasmid depleted the level of BRCA1 protein, which densitometry
analysis indicated to be about 0.35 relative to the nontransfected cells
(lane 3). All variants were detected at higher levels than the lysate
from BRCA1-depleted cells. Some variants were expressed at higher
levels than others, but at most 1.3-fold higher than the BRCA1 levels
in nontransfected cells (compare, for example, lane 7 with lane 2).
Because none of the BRCA1 variants were expressed at levels much
higher than the endogenous BRCA1, in no case could the phenotype
of a defective variant be masked by overexpression. The S186Y,
V191D, and M1775R variants all had somewhat lower expression,
but these lower levels of expression did not correlate with function
in either homologous recombination or SSA repair. As an example,
the S186Y variant was a low expresser (0.86 relative to control), but
it was functional in both assays. We note that the M1775R mutant
was expressed at lower levels (0.62 relative to endogenous BRCA1)
than any other BRCA1 variant (lane 16). We interpret this level of
expression to be similar to other variants and not an explanation for
the defect in each double-strand break repair pathway. However, we

Table 1. Summary of BRCA1 Variants
Variant

Figure 4. Analysis of the expression levels of 13 variants in HeLa–SSA
cells. The expression levels of 16 previously tested BRCA1 substitution
variants were tested in the HeLa-derived cell line [Ransburgh et al., 2010].
Thirteen variants, with substitutions at residues from 90 to 1775, were
expressed according to the same protocol as in Figure 2. Protein extracts
were analyzed by gel electrophoresis and immunoblotting. Samples
were: no transfection (lane 1), control siRNA plus empty plasmid vector
(lane 2), BRCA1-specific siRNA (lanes 3–16) with empty plasmid vector
(lane 3), and plasmid expressing the indicated BRCA1 variant (lanes 4–
16). The same membrane was probed using antibody specific for RNA
helicase A (RHA) as a loading control (bottom). Densitometry analysis
was performed to compare the expression of BRCA1 from the plasmid
to the endogenous BRCA1 in nontransfected cells.

cannot exclude the interpretation that the M1775R was defective in
the DNA repair assays because there was lower BRCA1 expression
of this isoform in our cells.

Comparison of Variants in Different Assays
The 29 BRCA1 variants analyzed in this study were compared for
function in the two DNA repair assays and with available knowledge about cancer association (Table 1). Many of the variants were
consistent across the two assays, but there were several variants
demonstrating separation of function. All of the zinc-coordinating
residues were required for function in both repair assays. The M18T
variant was clearly defective, but it is currently classified as unknown
clinical significance. There is one genetic model that classified this
M18T variant as likely pathogenic (see below).

HDR

SSA

Clinical impact [literature]

M18T

–a

–

I21V
C24R
C27A
I31M
T37R
C39Y
H41R
I42V
C44F
C47G
L52F
C61G
C64G
D67Y

+a

+

–a

–

Unknown [Easton et al., 2007; Langston et al.,
1996]; Class 4; LOVD]
Unknown [nonpathogenic; [Ruffner et al., 2001]
Unknown [pathogenic; [Morris et al., 2006]
Unknown
Unknown [nonpathogenic; [Ruffner et al., 2001]
Unknown [pathogenic; [Abkevich et al., 2004]
Pathogenic
Unknown [pathogenic; [Morris et al., 2006]
Unknown [neutral; [Ruffner et al., 2001]
Pathogenic [BIC]
Pathogenic [BIC]
Unknown
Pathogenic [Class 5; LOVD]
Pathogenic
Nonpathogenic [Easton et al., 2007]; Class 1;
LOVD]
Pathogenic [Class 5 BIC; splicing]
Unknown [neutral; [Morris et al., 2006]
Unknown [nonpathogenic; [Easton et al., 2007;
Judkins et al., 2005]; Class 1; LOVD]
Unknown [nonpathogenic; [Easton et al., 2007];
Class 1; LOVD]
Unknown [pathogenic; [Caligo et al., 2009];
nonpathogenic, [Easton, et al., 2007]; Class 1,
LOVD].
Unknown
Unknown [nonpathogenic; [Chenevix-Trench et al.,
2006]; Class 1; LOVD]
Unknown [Nonpathogenic; [Easton et al., 2007];
Class 1, LOVD]
Unknown
Unknown [nonpathogenic; [Abkevich et al., 2004]
Unknown [nonpathogenic; [Osorio et al., 2007;
Spurdle et al., 2008]; Class 1; LOVD]
Unknown [Uncertain, S186Y, [Tavtigian, et al.,
2006]; Class 1, LOVD).
Unknown [nonpathogenic; [Judkins et al., 2005];
Class 1; LOVD]
Pathogenic [pathogenic; [Carvalho et al., 2007];
Class 5; LOVD]

–a

–

+a

+

–a

–

–a

–

–a

–

+a

+

–a

–

–a

–

+a

+

–a

–

-a

-

+a

+

R71G
I90T
Y105C

+a

+

+

–

+

Intermed

I124V

+

–

N132K

+

+

R133H
P142H

+

+

+

Intermed

E143K

+

Intermed

S153R
R170Q
Y179C

+

+

+

Intermed

+

+

S186Y

+

+

V191D

+

–

M1775R

–

–

“Intermed” indicates that the results for the repair assay were significantly different
from those with the wild-type BRCA1 and significantly different from those with the
depleted BRCA1 and vector add-back.
a
Results from [Ransburgh et al. (2010)].
LOVD, Leiden Open Variation Database: International Agency for Research on Cancer
Database Classification.

Benchmarking Function to Clinical Relevance
Recently, a new classification system for variants has been proposed [Lindor et al., 2012; Plon et al., 2008]. According to this
system, Class 1 denotes variants that are not pathogenic. Class 2 is
likely nonpathogenic. Class 3 is uncertain. Class 4 is likely pathogenic
(probability of being pathogenic is 0.95–0.99), and Class 5 is definitely pathogenic (probability >0.99). According to variants described in the [Lindor et al. (2012)] system, three of the variants in
this study (M18T, C61G, and M1775R) were of Class 4, either likely
pathogenic or definitely pathogenic. An additional five mutants are
treated clinically as Class 5, pathogenic, (C39Y, C44F, C47G, C64G,
and R71G). One of these pathogenic mutants, R71G, does not affect
the BRCA1 protein, but rather the splicing of the mRNA [Vega et al.,
2001]. Since the assays tested express BRCA1 from spliced cDNA, the
R71G defective phenotype would not be detected. We thus exclude
this mutant from the comparison of benchmarking these assays
against known mutants. There were then seven pathogenic mutants
(Class 4 or 5) analyzed and eight nonpathogenic variants (Class 1;
Table 1). When comparing the results of our functional analyses

with these previously classified variants, the HDR assay scored all
seven pathogenic or likely pathogenic mutants as defective, and all
eight nonpathogenic variants as functional. The results of the assay
were, in the case of every variant, either fully active or fully defective
(see examples in Fig. 2). To date, no variant tested in the HDR assay
produced an intermediate score.
Compared with these benchmarks, the variants tested in the SSA
assay did not score as well as the HDR assay. All pathogenic mutants
were defective for SSA repair of double-strand breaks, but one nonpathogenic variant (I124V) was defective for SSA, and three Class 1
variants had intermediate phenotype in the SSA assay. Although the
HDR assay was both highly sensitive and highly specific, the SSA
assay was highly sensitive at association with cancer risk, but it was
less specific. Of interest, it had been noted that four BRCA1 variants,
Y105C, P142H, E143K, and Y179C, had decreased accumulation at
the sites of DNA breaks [Wei et al., 2008]. Although these variants
were normal for HDR, three of these had intermediate levels of function in the SSA assay (Table 1). Perhaps there is a link between the
HUMAN MUTATION, Vol. 34, No. 3, 439–445, 2013
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accumulation of BRCA1 at DNA repair sites and a factor important
for the SSA assay.

Discussion
Functional Assays as Predictive Tools for Assessing BRCA1
Variants
In this study, we analyzed a total of 29 BRCA1 variants in the
repair of DSBs by homologous recombination and by SSA. For the
sake of this discussion, we exclude the BRCA1–R71G variant that
affects splicing [Vega et al., 2001] because all of our assays used
prespliced cDNAs and would not be sensitive to a splicing defect.
By comparing our results with those BRCA1 missense substitutions
that have a known effect on breast cancer predisposition, we found
that the HDR assay was 100% accurate: seven previously classified
pathogenic mutants were defective for HDR, and eight previously
classified nonpathogenic variants in BRCA1 were functional for
HDR. Further, the results for the HDR assay were either fully active
or fully defective. We interpret these results to indicate that the HDR
assay is validated as a predictive tool for assessing BRCA1 variants.
By contrast to the HDR assay, the function of BRCA1 variants
in the repair of DSBs by SSA had a number of differences that diminished the accuracy of this assay. On the basis of the benchmarks
of variants that were classified using a genetic model [Lindor et al.,
2012], the SSA assay was sensitive because it did not misclassify any
pathogenic variants, but it was not specific because it misclassified
several nonpathogenic variants as either intermediate or defective.
Interpretation of the SSA assay was also complicated by intermediate
results; by comparison, the HDR assay had no intermediate results
among the 29 variants tested. It is possible, but remains to be determined, whether missense variants that are proficient for HDR, but
deficient or intermediate for SSA, confer a lower or moderate risk
of cancer. We thus conclude that the HDR assay is a more reliable
predictive tool for assessing the function of BRCA1 variants than is
the SSA assay.
We had previously performed a similar analysis of the control
of centrosome duplication by BRCA1 variant proteins [Kais et al.,
2012]. Fewer variants of the BRCA1 protein were analyzed in this
earlier study using the centrosome assay, but it has several differences from the HDR assay. With regard to those variants with
inferred breast cancer association, the centrosome duplication assay had an intermediate result for the BRCA1–D67Y variant, which
is nonpathogenic. The T37R variant was defective for both DNA
repair assays, but was functional in control of the centrosome duplication. Five amino acid residues away, the I42V variant had
the opposite pattern as T37R, with defective centrosome control
but fully functional in both DNA repair assays. Experimentally,
the centrosome regulation assay is much more difficult to perform than the HDR assay, making it not as desirable an assay for
analysis of BRCA1 variants. In addition, the centrosome assay appears, based on the limited set of variants, to be less accurate than
the HDR assay. On the contrary, like the SSA, none of the tested
seven variants that were previously classified as Class 4 or 5, were
functional in the centrosomal assay, suggesting that this assay is
sensitive.
It will be necessary to analyze many more variants in the HDR
assay and then compare those results with the clinical experiences
before this assay can be used for clinical interpretation. On the basis
of the accuracy of the currently tested variants, we believe that the
HDR assay will help with difficult to classify variants of unknown
significance.
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Functional Assays for Probing BRCA1 Residues Important
in Biological Function
Separate from the clinical utility of the different functional
tests, important biological information about the BRCA1 protein is
available from the various functional assays. Very little structure–
function information exists for BRCA1, and there have been limited
systematic analyses of the effects of BRCA1 amino acid variants in a
given function. A variety of variants have been analyzed in the context of short BRCA1 amino-terminal truncations for ubiquitin ligase
activity [Morris et al., 2006]. In a similar vein, a variety of variants
in the context of a short BRCA1 carboxy-terminal fragment have
been analyzed for the activation of transcription [Carvalho et al.,
2007; Lee et al., 2010]. Several variants in the context of the fulllength protein have been analyzed in terms of resistance to ionizing
radiation [Ruffner et al., 2001] and reversal of a lethal phenotype in
murine embryonic stem cells [Chang et al., 2009].
We find that there are some discordancies between functional
assays of the variants. The most striking are at T37R and I42V.
BRCA1–T37R was defective for both DNA repair processes, but was
fully functional for control of centrosomes. Conversely, BRCA1–
I42V was defective for control of centrosome duplication [Kais et al.,
2012] but functional in the DNA repair processes. From this result,
we hypothesize that the protein–BRCA1 contacts in the DNA repair
pathways depend on the T37 residue, whereas a different protein–
BRCA1 contact is important for regulating the centrosome duplication. Such a notion is possible because the centrosome regulation
occurs in the cytoplasm and the DNA repair occurs in the nucleus,
and it is reasonable to suppose that different proteins are involved.
There were variants that distinguished between BRCA1 residues
important for DSB repair by homologous recombination versus
SSA. The observed differences between the SSA and HDR assays
involved residues from 90 to 191. Several of these (Y105C, P142H,
and E143K) that had intermediate phenotype in the SSA assay had
been shown to have slow accumulation at sites of DSBs. Especially,
P142H mutation abolished the association with Ku80 protein, which
plays an important role in the repair of DSBs [Wei et al., 2008].
Perhaps the SSA pathway contributes to the accumulation of BRCA1
at sites of DNA damage in cells.
In summary, in this study, we evaluated missense variants of
BRCA1 in two different DNA repair pathways. Data support that the
function of BRCA1 in the HDR assay is consistent with the known
cancer association of these variants, and we suggest that this test is
predictive for breast cancer. By contrast, the repair of DNA by the
related SSA pathway is not perfectly consistent with what is known
about cancer predisposition, and the SSA assay yields intermediate
results. On the basis of these current results, we suggest that the
HDR assay is validated for predicting whether substitution at any
residue of BRCA1 is disease associated.
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