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INTRODUCTION
Approximately 10% of incident cases of breast cancer occur 
in women from high-risk families with multiple affected rela-
tives, some with ovarian cancer or other primaries and often 
with earlier ages of onset. Germ-line mutations in BRCA1 and 
BRCA2 can be detected for 20–40% of these cases.1,2 Moderate- 
to high-penetrance mutations in other genes also contribute to 
heritable breast cancer risk.3,4 Along with BRCA1 and BRCA2, 
many of these phenocopy genes play a role in the repair of dou-
ble-strand breaks (DSBs) in DNA.5 The identification of these 
genes has led to the development of panel-based sequencing 
tests for which annotation of nontruncating genetic variants 
represents a challenge for interpretation. To meet this challenge 
of interpreting variants of uncertain significance (VUS), we 
developed molecular phenotyping flow-variant assays (FVAs) 
that assess the biological effects of heterozygous mutations in 
genes in the DSB repair pathway by measuring the response 
cultured or circulating cells exposed to radiomimetic agents.6 
These methods have been benchmarked against various classes 
of variants that were curated rigorously to represent mutations, 
benign variants, or VUS.

Here, we extend the range of DSB repair FVAs by develop-
ing new assays, extending their performance to circulating B 
cells, and developing classification scores that combine results 

for multiple assays. In the process, we demonstrate how these 
scores might be used as risk predictors in subjects with and 
without breast or ovarian cancer who did not harbor mutations. 
We also applied these assays to primary B cells isolated from the 
blood of these subjects to demonstrate how these FVAs could 
be converted into a real-time clinical test.

MATERIALS AND METHODS
Subjects
All subjects were recruited at Albert Einstein College of Medicine 
under approved institutional review board protocols. Informed 
consent was obtained from all subjects. Of 29 subjects, 20 had 
breast and/or ovarian cancer and affected relatives (BOC-
positive) and 9 did not have a personal history of breast or ovar-
ian cancer but had affected relatives (BOC-negative). All subjects 
tested negative for mutations in BRCA1 and BRCA2 at commer-
cial laboratories. IBIS and BOADICEA scores were used to pre-
dict 5-year risk and lifetime risk for these subjects based on age, 
personal and family history, and ethnicity, and these were not dif-
ferent between the two groups.7,8 One BRCA2 mutation–positive 
case was included as a positive control (Table 1).

EBV-immortalized lymphoblastoid cell lines (LCLs) were cre-
ated for newly recruited subjects by the Molecular Cytogenetics 
Core at Albert Einstein College of Medicine.9 In addition, B 
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Purpose: Identifying women at high risk for breast cancer can trig-
ger a personal program of annual mammograms and magnetic reso-
nance imaging scans for early detection, prophylactic surgery, or 
chemoprevention to reduce the risk of cancer. Yet, current strategies 
to identify high-risk mutations based on sequencing panels of genes 
have significant false-positive and false-negative results, suggesting 
the need for alternative approaches.
Methods: Flow-variant assays (FVAs) that assess the effects of 
mutations in the double-strand break (DSB) repair genetic path-
way in lymphoblastoid cells in response to treatment with radiomi-
metic agents were assessed for sensitivity, specificity, and accuracy 
both alone and as part of a logistic regression classification score. In 
turn, these assays were validated in circulating B cells and applied 

to  individuals with personal and/or family history of breast and/or 
ovarian cancer.
Results: A three-FVA classification score based on logistic regres-
sion had 95% accuracy. Individuals from a breast cancer–positive 
cohort with affected family members had high-risk FVA classifica-
tion scores.
Conclusion: Application of a classification score based on multiple 
FVAs could represent an alternative to panel sequencing for identify-
ing women at high risk for cancer.
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cells were isolated from 7 ml of EDTA-anticoagulated whole 
blood from subjects using the MACSxpress B Cell Isolation 
Kit (Miltenyi Biotec, San Diego, CA, Cat: 130-098-190) , a 
MACSmix Tube Rotator (Miltenyi Biotec, Cat: 130-090-753), 
and a MACSxpress Separator (Miltenyi Biotec, Cat: 130-098-
308) following the manufacturer’s guidelines.

Whole-genome sequencing and analysis
DNA was extracted from 5 ml of blood using the Gentra Puregene 
Blood Kit (Qiagen, Germantown, MD 158389). Whole-genome 
sequencing (WGS) was performed on unamplified, high-molecu-
lar weight, genomic DNA (3–6 μg) from BOC-positive individuals 
at the New York Genome Center (NYGC) using the TruSeq DNA 
Nano Prep kit (Illumina, San Diego, CA) on an Illumina HiSeq 2500 
with 2 × 150-bp paired-end reads at 30× coverage. After removal 
of adapters from the raw sequence reads, the trimmed reads were 
aligned to the human reference genome (build GRCh37/Hg19) 
by using the Burrows–Wheeler Aligner.10 The Genome Analysis 
ToolKit (GATK) Broad Institute, Cambridge, MA was used to 
perform local realignments, indel realignment, and base recalibra-
tion.11 GATK’s Unified Genotyper was used to call the variants in 
all samples to detect missense, frameshift, and splice site variants, 
thereby forming a single variant caller file and annotating for qual-
ity metrics. Variants were prioritized against a unified gene panel 
that was based on their known function in the DSB pathway and 
described in published studies about genes involved in familial 
breast and ovarian cancer (Supplementary Table S1 online).12–15 
Known common variants with a global minor allele frequency 
>5% were removed. The final annotation was based on American 
College of Medical Genetics and Genomics (ACMG) guidelines.16 
The variant annotation was performed by literature review as well 
as reports in ClinVar (http://www.ncbi.nlm.nih.gov/clinvar/) and 
the Breast Cancer Information Core Database (http://lgdfm3.ncif-
crf.gov/bic/BIC.html).

Whole-exome sequencing and analysis
Whole-exome sequencing (WES) was performed on unam-
plified, high-molecular weight, genomic DNA (3–6 μg) from 
BOC-negative individuals at Admera Health using xGen Exome 
Research Panel v1.0 on an Illumina platform with 2 × 150-bp 
paired-end reads at 30× coverage. The downstream analysis was 
similar to that used for WGS analysis.

IBIS score and BOADICEA
The IBIS Risk Evaluation Tool was used to estimate the 5-year 
and lifetime risks for developing breast cancer based on 

personal and family history (http://www.ems-trials.org/riskev-
aluator).7 The Breast and Ovarian Analysis of Disease Incidence 
and Carrier Estimation Algorithm (BOADICEA) was also used 
to estimate 5-year and lifetime risks for developing breast can-
cer based on personal and family history (http://ccge.medschl.
cam.ac.uk/boadicea/boadicea-model).8

Cell lines and mutations
A total of 36 LCLs were purchased from the Coriell Institute 
Human Genetic Cell Repository (Camden, NJ) from indi-
viduals with different sets of variants and included con-
trols from the 1000 Genome Project (GM19740, GM11995, 
GM11894, GM19044, GM19371, GM19379, GM19461, 
GM20771, HG00096, HG00097, HG00099, HG00100, 
HG00102, HG01083), known BRCA1 pathogenic muta-
tions (GM14097 p.Cys61Gly, GM14090 c.66_67delAG, 
GM13711 p.Ser1040Asn, GM13713 p.Glu1250Ter, GM14637 
p.Arg1443Ter, GM13710 p.Arg1443Gly, GM13708 
p.Tyr1563Ter, GM14092 p.Val1713Ala), and BRCA2 (GM14805 
p.Trp194Ter, GM14626 p.Lys3326Ter, GM14170 c.5946delT, 
GM14622 c.6275_6276delTT, GM14624 c.5722_5723delCT, 
GM14639 p.Ser2067Hisfs, GM14788 p.Asp252Valfs), ATM 
(GM01525 p.Arg2136Ter, GM03334 p.Trp2638Ter), FANCC 
(GM20731 c.456 + 4A>T), FANCD2 (GM16633 p.Arg1236His, 
GM16756 p.Arg1236His), FANCF (GM16757 p.Gln6Ter), and 
NBS1 (GM15813 p.Lys219Asnfs) mutations (Supplementary 
Table S2 online). Sequences of the cell lines derived from the 
1000 Genomes Project were analyzed for mutations in other 
genes reported as moderately to highly penetrant for breast 
cancer when mutated.

Antibodies
For FVAs, the following antibodies were used for native or phos-
phorylated forms of proteins: BRCA1 (Thermo Fisher, Waltham, 
MA, Cat: PA5-17512), BRCA2 (Abnova, Taipei, Taiwan, Cat: 
H00000675), total p53 (R&D systems, Minneapolis, Minnesota, 
Cat: AF1355), and phospho p53 (R&D AF1043).These antibod-
ies were specific to their targets, as judged by single bands on 
western blot analysis. All of the antibodies were conjugated with 
fluorochromes (Innova Bio lightning-link, Cambridge, United 
Kingdom, Cat: FITC: 322-0010, PECy7: 762-0010, APCCy7: 
765-0010, and PECy5.5: 761-0010) as described previously.6

FVAs
The general approach for the analyses included cell culture of 
isolated B cells as well as LCLs with and without radiomimetic 
agents.6 The cell culture was followed by cell fixation, permea-
bilization, and binding with labeled antibodies within cells or 
cell lysis, as described previously.6 The quantified BRCA1 and 
BRCA2 nuclear localization and phospho p53/total p53 ratio 
were compared for the BRCA1 mutant, phenocopy mutant, and 
control LCLs as well as for the BOC-positive and BOC-negative 
B cells.

Flow cytometry was performed using BD FACSCanto 
II (Becton, Dickinson and Company, Franklin Lakes, NJ) 

Table 1 Classification scores for sensitivity, specificity and 
accuracy of BRCA1 nuclear localization, BRCA2 nuclear 
localization and phospho p53/total p53 ratio for LCLs

BRCA1 BRCA2
Phospho  

p53/total p53
Classification 

Score

Sensitivity 0.83 0.83 0.91 0.91

Specificity 0.93 0.93 0.86 1.00

Accuracy 0.86 0.86 0.89 0.95
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equipped with blue (488 nm) and red (633 nm) lasers. The 
results were analyzed using FlowJo data analysis software 
(FlowJo, Ashland, OR). The mean of nine replicates was cal-
culated for each individual sample in each assay. Boxplots and 
Mann-Whitney tests were performed to determine whether 
the differences in the BRCA1 and BRCA2 nuclear localization 
and phospho p53/total p53 ratio were significant between cell 
lines (controls, BRCA1 mutants, and phenocopy mutants) and 
between the BOC-positive and BOC-negative groups.

Classifiers
Classifiers were built for BRCA1 and BRCA2 nuclear localiza-
tion and phospho p53/total p53 ratio FVAs using half of each 
set via random selection to distinguish BRCA1 mutants and 
phenocopy mutants from controls. They were then applied to 
the other half to calculate sensitivity, specificity, and accuracy 
(weighted means of sensitivity and specificity). The classifica-
tion scores are weighted sums of the BRCA1 nuclear localiza-
tion, BRCA2 nuclear localization, and phospho p53/total p53 
ratio logistic values by their regression coefficients in a fitted 
multivariable logistic model. The classification score model was 
then applied to the patient samples.

Based on published data, the values of the FVAs are tightly 
distributed within the groups to be compared and the between-
group means are well-separated. To compare the FVA scores 
between the control group and the phenocopy group with a 
sample size of 14 and 15, there is more than 90% power to detect 
a mean difference of 1.3 common standard deviations using a 
two-sided two-sample t-test at the 5% alpha level. Similarly, 
to compare the FVA-based scores between the BOC-negative 
group and BOC-positive group, for a sample size of 9 and 20, 
we would have more than 85% power to detect a mean differ-
ence of 1.3 common standard deviations using a two-sample 
t-test at the 5% alpha level.

RESULTS
BRCA1 and BRCA2 nuclear localization and phospho p53/
total p53 ratio and the multivariable classification score 
are reduced in mutant BRCA1 and phenocopy gene LCLs
We have shown previously that BRCA1 nuclear localization and 
phospho p53/total p53 ratio were reduced in BRCA1, BRCA2, 
FANCC, and NBS1 mutation carriers after treatment with a 
cocktail of radiomimetic agents (diepoxybutane, bleomycin, and 
mitomycin C). In the current study, BRCA2 and BRCA1 nuclear 
localization was reduced for BRCA1 and BRCA2 mutation carri-
ers as well as for mutation carriers in a broader variety of genes 
(Figure 1). Eight mutations in BRCA1, seven mutations in 
BRCA2, two mutations in ATM, and single mutations in FANCC, 
FANCF, FANCD2, and NBS1 were assessed in Coriell Institute 
LCLs for both assays. The BRCA1 mutant cell lines showed reduc-
tion in BRCA2 nuclear localization (Mann-Whitney test, P = 
4 × 10−4) as well as in BRCA1 nuclear localization (P = 6.3 × 10−6). 
The same effects were observed in the mutant cell lines for the 
other genes, such as reduction in BRCA2 nuclear localization (P 
= 6 × 10−5) and BRCA1 nuclear localization (P = 1.4 × 10−5), with 
both suggesting phenocopies for BRCA1 mutations. The BRCA1 
mutant and phenocopy cell lines also showed a reduced phos-
pho p53/total p53 ratio compared with controls (Figure 1; P = 
4.4 × 10−5 and P = 1.2 × 10−7, respectively).

To determine sensitivity and specificity of these assays, a 
fixed threshold was selected. Using “0” as the threshold, the 
outliers observed for each assay included four for BRCA1 
nuclear localization (one control (GM19379) and three phe-
nocopies (GM14624, GM14788 and GM03334)), three for 
BRCA2 nuclear localization (one each in control (GM11995), 
BRCA1 mutant (GM14092), and phenocopy (GM14788)), 
and four for the phospho p53/total p53 ratio (two controls 
(GM111995 and GM11894), one BRCA1 mutant (GM13710), 
and one phenocopy (GM16756)). Thus, the sensitivity and 

Figure 1 Nuclear localization of BRCA1 and BRCA2 and phospho p53/total p53 ratio are reduced in BRCA1 mutation–bearing and phenocopy 
lymphoblastoid cell lines compared with controls. Box plots compare standardized nuclear localization of BRCA1 and BRCA2. Phospho p53/total p53 
ratio is measured by DCW. P-values of the pairwise comparisons of the various mutation groups relative to controls by the Mann-Whitney test are shown.
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specificity for the individual BRCA1 and BRCA2 nuclear local-
ization and phospho p53/total p53 ratio assays ranged from 
83 to 91% and 86 to 93%, respectively (Table 2). The accuracy 
based on the weighted mean of sensitivity and specificity for 
individual assays ranged from 86 to 89%. When the classifica-
tion score was calculated by combining these three assays, the 
sensitivity, specificity, and accuracy increased to 91, 100, and 
95%, respectively.

BRCA1 and BRCA2 nuclear localization and phospho p53/
total p53 ratio and the multivariable classification score 
are lower in B cells from BOC-positive individuals even 
when a mutation cannot be identified
After demonstrating anticipated results for positive and nega-
tive control cell lines, FVAs were performed on matched B cells 
and LCLs from BRCA1 and BRCA2 mutation-negative subjects. 

These paired cell types showed correlations with BRCA1 nuclear 
localization (r2= 0.85, Supplementary Figure S1 online) and 
with phospho p53/total p53 ratio (r2= 0.70, Supplementary 
Figure S1 online). When the two groups were compared, the 
BRCA1 nuclear localization, BRCA2 nuclear localization, and 
phospho p53/total p53 ratio were lower in the BOC-positive 
group compared with subjects in the BOC-negative group (P = 
0.004, P = 0.035, and P = 0.001, respectively, Figure 2). When 
classification scores based on the logistic regression coefficients 
from the LCL analysis were applied to the B cell groups, the 
scores were lower for the BOC-positive compared with the 
BOC-negative group (P = 2.9 × 10−7, Figure 3).

In the BOC-negative group, two distinct clusters were appar-
ent, with some subjects showing reduced BRCA1 and BRCA2 
nuclear localization and reduced phospho p53/total p53 
ratio, although not overlapping among all three assays. The 

Figure 2 Nuclear localization of BRCA1 and BRCA2 is reduced in BOC-positive cases in B cells compared with BOC-negative controls. Box plots 
compare standardized nuclear localization of BRCA1 and BRCA2. Phospho-p53/total p53 ratio is measured by DCW. P-values of the pairwise comparisons of 
BOC-positive relative to BOC-negative groups by the Mann-Whitney test are shown.
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observation of two groups was also apparent when classifica-
tion scores were calculated, with one cluster having lower clas-
sification scores that were similar to those of the BOC-positive 
group (Figure 3). The IBIS and BOADICEA scores calculated 
for 5-year and lifetime risk for all patients did not show any 
concordance with the classification scores (although these were 
correlated with each other), suggesting that classification scores 
might represent an alternative for identifying those at high risk 
(Table 2).

WGS and WES analyses did not identify additional 
mutations in the BOC-positive and BOC-negative cohorts, 
respectively
WGS was performed for 13 subjects from the BRCA1 and 
BRCA2 mutation–negative BOC-positive cohort. After align-
ment and variant calling, and excluding those with a global 
minor allele frequency of >5% in dbSNP137, 59 variants were 
identified. When annotated for potential protein truncation 
or splice site disruption, a single FANCD2 splice site donor 
deletion was identified in all subjects that was prevalent in the 
TAGC cohort, suggesting a prevalent benign variant. An addi-
tional 15 nonsynonymous missense variants were classified as 
VUS following the ACMG scoring system (Supplementary 
Table S3 online). WES using an analysis pipeline that was simi-
lar to the WGS analysis was performed for nine subjects from 
the BOC-negative cohort. Within this group, five nonsynony-
mous missense mutations were identified as VUS that were not 
pathogenic (Supplementary Table S4 online).

DISCUSSION
Previously, we and others suggested that cancer gene panel 
sequencing represents one way of quantifying breast cancer risk. 
These panels have been widely accepted, even though the clini-
cal utility for genes other than BRCA1 and BRCA2 is unclear.3,4,17 
When sequencing was applied to large numbers of women at 
high risk, mutations were commonly found in BRCA1, BRCA2, 
and other genes.12–15,18,19 In up to 40% of women, a VUS was 
identified; commonly, two or more VUS were observed, espe-
cially for those of Asian or African-American ethnicity. Adding 
genes into sequencing panels increased the likelihood of iden-
tifying VUS while minimally increasing the likelihood of 
finding mutations.18 Interpreting these VUS represents a partic-
ular challenge for genetic counseling. Informatics approaches 
(Align-GVGD, http://agvgd.iarc.fr/) and low- or high-through-
put functional assays in yeast or transfected cell lines have been 
developed for curating variants in BRCA1 and BRCA2, but not 
for the other genes.20–22 In addition to the issue of prevalent 
VUS, most sequencing methods are biased in scope and depth 
because certain genomic regions can be difficult to capture, 
amplify, or assemble. As a result, finished sequences comprise 
less than the whole of the desired region and important func-
tional variants may be missed. Furthermore, the magnitude of 
the risk was not always established for mutations in genes other 
than BRCA1 and BRCA2.3,4 Thus, new methods for assessment 
of breast cancer risk seem warranted.

Assessing breast cancer risks accurately has clinical utility. 
Established guidelines exist for increased surveillance, early 
detection, and risk reduction for women who are at increased 
risk for cancer due to having a known cancer syndrome, a 
strong family history, or significant personal medical history. 
The National Comprehensive Cancer Network (NCCN) and the 
American Cancer Society (ACS) provide recommendations for 
women at increased risk for breast cancer based on a number 
of different factors (http://www.cancer.org/cancer/breastcan-
cer/moreinformation/breastcancerearlydetection).23 For lower  
penetrance mutations that lack established management guide-
lines, the implications for clinical care are less clear.24

Although the sample size in the current study was modest, 
analysis of larger cohorts, including affected and unaffected 
family members, should demonstrate that phenotypes in FVAs 
are inherited in a Mendelian fashion. The preliminary results 
with the BOC-negative group suggest that it might comprise 
two separate Mendelizing cohorts: one high-risk and the other 
low-risk. When applied to family cohorts, it will be possible to 
calculate hazard ratios by decade for the siblings of probands 
whose B cells demonstrate impairment of BRCA1 and BRCA2 
nuclear localization and p53 phosphorylation in response to 
treatment with radiomimetic agents, thereby improving genetic 
counseling. Such studies will also demonstrate whether FVAs 
and resulting classification scores demonstrate significant het-
erogeneity with loss of accuracy, an issue that could be addressed 
by adding FVAs for other functions in the DSB repair pathway.

Conclusion
FVA methods are a highly plausible alternative to panel sequenc-
ing for identifying functionally important alterations in the DSB 
repair pathway. A direct functional test at the protein level queries 
whether key biological functions—BRCA1 and BRCA2 nuclear 
localization and p53 phosphorylation—are being altered. As 
shown in this study, tests based on multiple, direct, functional 
analyses appear to be more sensitive and specific for identifying 
genetic risks and identify those at high risk, even when a mutation 
cannot be identified by sequencing. These assays lend themselves 
to ease of adoption in the clinical and research laboratory environ-
ments with minimal change of equipment and workflow because 
they use common reagents and readily available devices. Analysis 
can be performed for multiple targets and the results from mul-
tiple assays can be combined into an accurate risk prediction score 
that accounts for the heterogeneity of individual assays.

SUPPLEMENTARY MATERIAL
Supplementary material is linked to the online version of the paper 
at http://www.nature.com/gim
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