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Summary

Identifying women at high risk for developing breast cancer is potentially lifesaving. Patients with pathogenic genetic variants can
embark on a program of surveillance for early detection, chemoprevention, and/or prophylactic surgery. Newly diagnosed cancer pa-
tients can also use the results of gene panel sequencing to make decisions about surgery; therefore, rapid turnaround time for results
is critical. Cancer Risk B (CR-B), a test that uses flow variant assays to assess the effects of variants in the DNA double-strand break repair,
was applied to two groups of subjects who underwent coincidental gene panel testing, thereby allowing an assessment of sensitivity,
specificity and accuracy, and utility for annotating variants of uncertain significance (VUS). The test was compared in matched periph-
eral blood mononuclear cells (PBMCs) and lymphoblastoid cells (LCLs) and tested for rescue in LCLs with gene transfer. The CR-B pheno-
type demonstrated a bimodal distribution: CR-B™ indicative of DSB repair defects, and CR-B~, indicative of wild-type repair. When
comparing matched LCLs and PBMCs and inter-day tests, CR-B yielded highly reproducible results. The CR-B~ phenotype was rescued
by gene transfer using wild-type cDNA expression plasmids. The CR-B™ phenotype predicted VUS as benign or likely benign. CR-B could
represent a rapid alternative to panel sequencing for women with cancer and identifying women at high risk for cancer and is a useful
adjunct for annotating VUS.

Introduction pathway even when no causal variants could be found
by whole-genome sequencing.
For women at high risk for developing breast cancer (MIM: Here, we present a simplified version of the test with

114480), gene panel sequencing identifies cancer-predis-  comparable sensitivity and specificity that can be per-
posing pathogenic or likely pathogenic (P/LP) variants in  formed on whole-blood peripheral mononuclear cells
15%-20% and variants of uncertain significance (VUS)  (PBMCs) without prior enrichment for B cells. Comparable
in >40%."" The remainder of those tested have no results were obtained for PBMCs and lymphoblastoid cells
detectable genetic alteration; these patients as well as (LCLs) derived from the same individual. The CR-B*, high-
those with VUS have no reduction of risk. Thus, >80%  risk phenotype associated with P/LP gene-specific variants
of women are left with uncertainty regarding their risk in LCLs was rescued by expression of the wild-type (WT)
for developing breast cancer. To fill the gap, we developed  gene following plasmid transfection, demonstrating the
flow variant assays (FVAs) that assess the nuclear localiza-  causality of these variants.

tion and phosphorylation of proteins in the DNA double-

strand break (DSB) repair pathway following challenge

with radiomimetic agents that trigger the pathway.>® Material and methods

These assays identified defects in BRCA1 and BRCA2

nuclear localization and p53 phosphorylation in lympho- ~ Subjects

blastoid and circulating B cells from individuals with P/LP Subjects were recruited from cancer genetic counseling programs
variants in BRCAT (MIM: 113705), BRCA2 (MIM: 600185), at Montefiore Medical C'ent_er ('{‘able S1) .and Northwell Health (Ta-
and other genes in the DSB repair pathway. The FVAs bl;SZ) unde,r approvedénslmut;onal;:Vlewzoird I;lmtocﬁlz M.Clm‘
showed that most VUS in these genes did not disrupt tefiore recruitment took place from May 8, 2018 through April 9,

. . X 2019, while Northwell recruitment occurred from October 21,
the pathway and are benign or likely benign (B/LB). A 2019 through December 26, 2020. All of the subjects were women
risk classification score based on logistic regression of

older than 18 years of age, had undergone gene panel sequencing
these three FVAs performed on circulating B cells was  for breast cancer risk based on National Comprehensive Cancer
>90% accurate for defects in the pathway. The resulting  Network (NCCN) criteria,” and provided informed consent for de-
test, Cancer Risk B (CR-B), identified defects in the identified CR-B testing and chart review. Single variant testing was
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offered to relatives of subjects found to have P/LP variants in DSB
repair genes (BRCA1, BRCA2, PALB2 [MIM: 610355], BARD1 [MIM:
601593], RADSIC [MIM: 602774], RADSID [MIM:602954],
CHEK2 [MIM: 604373], and ATM [MIM: 607585]) per NCCN
criteria.” Those found to be negative for the P/LP variant were
included in estimates of specificity. Among the information
shared were age; personal cancer diagnosis and treatment; family
history of breast, ovarian (MIM: 167000), or other cancers; and re-
sults of gene panel tests. PBMCs from individuals were trans-
formed to LCLs to compare the performance of FVAs for these
two cell types over the range of positive (N = 10) and negative
(N = 10) risk classification scores (RCSs). LCLs with P/LP variants
or VUS and negative RCSs were selected to test the effects of
expression plasmid rescue. LCLs from the National Institute of
General Medical Sciences genetic disease database and the 1000
Genomes Project, previously studied by CR-B,® were included as
controls for FVAs and plasmid rescue.

CR-B testing

CR-B testing was performed, as described previously.® To analyze
PBMCs, whole blood was cultured in the presence of radiomimetic
agents. Cells were lysed partially to obtain a mix of nuclei and
intact cells for analysis, then stained with DAPI, and antibodies
conjugated with fluorochromes fluorescein isothiocyanate
(FITC), PECy7, APCCy7, and PECyS.5. Flow cytometry was per-
formed using a BD Canto II (BD Biosciences, Franklin Lakes, NJ)
equipped with blue (488 nm), red (638 nm), and violet lasers
(407 nm) in a 4-2-2 configuration.

as CR-B" subjects with P/LP variants in DSB
repair genes divided by all subjects with P/LP
variants, and specificity was calculated as
CR-B™ relatives not inheriting P/LP variants
divided by all relatives not inheriting P/LP
variants. Boxplots and Mann-Whitney tests
were performed to identify potential differ-
ences in FVAs between subjects from
different groups (positive controls with known P/LP variants, nega-
tive controls from related family members without P/LP variants,
subjects with and without breast or ovarian cancer diagnoses). Rec-
ommendations for the use of functional assays to annotate genetic
variants were applied to the CR-B~ phenotype as a Bayesian
conditional probability model,*’ as well as an independent model
to determine how it would affect the reclassification of specific VUS.

Day 1

— Day2: R?=0.95
+ Day3: R’=094

-— Day4: R?’-0.58

Gene rescue

Expression plasmids (1 pg) for BRCA1l (pDEST-FRT/TO-GEFP-
BRCA1, cat. no. 71116, GFP tag), BRCA2 (pMH-SFB-BRCA2, cat.
no. 99395, SFP tag), PALB2 (pDEST-FRT/TO-GFP-PALB2, cat. no.
71113, GFP tag), and ATM (pcDNA3.1(+)FLAG-His-ATM WT, cat.
no. 31985, Addgene, Watertown, MA) were transfected into WT
LCLs or those with P/LP or B/LB variants. The constructs without
cDNA inserts (1 pg) were used for sham transfection to demon-
strate specificity of the rescue. All of the transfections were
performed by electroporation with a LifeTech Neon Transfection
system used following the recommendations of the manufacturer
(Thermo Fisher Scientific, Waltham, MA; MPK 5000). The effi-
ciency of transfection could be gauged by the number of cells ex-
pressing the in-frame reporter (GFP, SBP, or FLAG-His). Following
transfection, the cells were treated according to the standard CR-
B protocol and then assessed with CR-B. For those expression plas-
mids that interfere with FITC (i.e., GFP), AM-CYAN was used with
S6 instead of the FITC standard in CR-B. Boxplots and Student’s t
tests were performed to identify the potential differences in rescue.
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Table 1.

Sensitivity, specificity, and accuracy of FVAs and RCS for Coriell, Montefiore, and Northwell cohorts and all cohorts

Cohort BRCA1 BRCA2

p53 RCS

Coriell (N = 36)"

Sensitivity 0.82 (18/22) 0.91 (20/22) 0.91 (20/22) 0.91 (20/22)

Specificity 0.93 (13/14) 0.93 (13/14) 0.86 (12/14) 1(14/14)

Accuracy 0.86 (31/36) 0.92 (33/36) 0.89 (32/36) 0.94 (34/36)
Montefiore (N = 6)

Sensitivity 1(2/2) 1(2/2) 1(2/2) 1(2/2)

Specificity 1(4/4) 0.75 (3/4) 0.75 (3/4) 1(4/4)

Accuracy 1 (6/6) 0.83 (5/6) 0.83 (5/6) 1 (6/6)
Northwell (N = 4)

Sensitivity 0.75 (3/4) 0.75 (3/4) 0.75 (3/4) 0.75 (3/4)

Specificity NA NA NA NA

Accuracy NA NA NA NA

All cohorts (N = 46)°

Sensitivity 0.84 (38.5/46) 0.91 (41.7/46)
Specificity 0.94 (39.4/42) 0.90 (37.9/42)
Accuracy 0.88 (37/42) 0.90 (38/42)

0.91 (41.7/46) 0.91 (41.7/46)

0.84 (35.4/42) 1.00 (42/42)

0.88 (37/42) 0.95 (40/42)

2Coriell data were derived from Table S2.°
PAIl of the cohorts represent weighted results from individual cohorts.

Results

The CR-B test performs comparably in PBMCs and LCLs
and has high sensitivity and specificity

Previously, we showed that the CR-B test performed
comparably in purified B cells and LCLs.® To eliminate
the need for cell purification, we compared FVAs per-
formed on PBMCs in radiomimetic-treated and partially
lysed whole blood to LCLs treated in the same way and
derived from the same individuals. The results were highly
reproducible for the individual FVAs (BRCA1 nuclear local-
ization, 12 = 0.98; BRCA2 nuclear localization, r* = 0.93;
and p53 phosphorylation, r* = 0.99; Figure 1A; Table S3).
For the individual FVAs performed on LCLs and PBMCs,
the mean CVs for triplicate analyses were <3% for
BRCA1 nuclear localization, BRCA2 nuclear localization,
and p53 ratio (Table S3), and only 3% of all PBMC repli-
cates exceeded CV 3%. The individual FVAs performed
on PBMCs were reproducible whether performed on days
1, 2, or 3 following collection, but not on day 4 (r* > 0.9
for BRCA1 nuclear localization and BRCA2 nuclear locali-
zation, and pS3 phosphorylation on days 2 or 3 compared
to day 1; Figure 1B). Based on these observations, we tran-
sitioned the assays to whole-blood samples.

Previously, we reported that the sensitivity and specificity
for the individual BRCA1 and BRCA2 nuclear localization
and phospho-p53:total pS3 ratio assays ranged from 82%
to 93%, 91% to 93%, and 86% to 91%, respectively, and
that the accuracy, based on the weighted mean of sensi-
tivity and specificity for individual assays, ranged from
86% to 92%.° When the RCS was calculated by combining

these 3 assays using logistic regression, the sensitivity, spec-
ificity, and accuracy increased to 91%, 100%, and 94%,
respectively. Applying the same approach to the Montefiore
cohort, the sensitivity, specificity, and accuracy, based on
known pathogenic variant heterozygotes in the BRCAI
and BRCAZ2 genes and known relatives testing negative for
those variants, were 75%-100% for individual assays and
100% for the RCS (Table 1). No known relatives testing
negative for pathogenic variants were recruited into the
Northwell cohort, so specificity could not be calculated;
however, the sensitivity was 75% for individual assays and
the RCS. Combining results across studies, including those
previously reported, the sensitivity, specificity, and accu-
racy of the individual assays ranged from 84% to 94%. For
RCS, the sensitivity, specificity, and accuracy were 91%,
100%, and 95%, respectively.

The CR-B phenotype demonstrates a bimodal
distribution in high-risk individuals

In a prior CR-B study, two distinct clusters, one CR-B* and
the other CR-B™, were described in high-risk subjects based
on theindividual FVAs and the resulting RCS.” A similar phe-
nomenon was observed among the Northwell and Monte-
fiore cohorts (Figure 2; Tables S1 and S2). In the Northwell
cohort, 30 subjects (50.8%) had RCS > 0 (CR-B™) and 29 sub-
jects (49.2%) had RCS < 0 (CR-BT). Within the Montefiore
cohort, 22 subjects (22%) had RCS > 0 (CR-B™) and 78 sub-
jects (78%) had RCS < 0 (CR-B™). These findings suggest that
CR-B is bimodal rather than continuously distributed, with
CR-B™ subjects being at high risk for developing breast can-
cer and CR-B™ subjects reverting to population risk.
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Figure 2. Bimodal distribution of CR-B RCS

(A-C) Distribution of RCS in P/LP variant heterozygotes in DSB
repair genes (group 1), VUS or no reported variants (group 2),
and relatives testing negative for the familial variant (group 3) in
(A) Montefiore cohort (N = 100), (B) Northwell cohort (N = 59),
and (C) combined cohorts by boxplots (N = 159). P-values for pair-
wise comparisons are shown.

The CR-B™ phenotype identifies VUS as B/LB

The VUS status in these two cohorts was confirmed in Clin-
Var and additional evidence for annotation was added (Ta-
ble S4). The CR-B™ phenotype met all of the recommenda-
tions for collection and use of multiplexed functional data
for clinical variant interpretation (Table S5)'° and for the
application of the functional evidence PS3/BS3 categories
using the American College of Medical Genetics and Geno-
mics/Association for Molecular Pathology (ACMG/AMP)
sequence variant interpretation framework (Table S6)."!
Based on these criteria, the evidence for CR-B™ as a BS3
categorical classifier (high sensitivity, specificity, and
reproducibility) is strong. The evidence for and against

pathogenicity was entered into the recent Bayesian-adapt-
ed guidelines using the default values.® In every instance,
the variant was reannotated as B/LB (Table S4). When us-
ing these guidelines, assuming that the prior probability
of any new variant being either benign or pathogenic
was equal (prior = 0.50), every VUS was reannotated as
LB. Applying the sensitivity (0.91) and specificity (0.96)
over a range of prior probabilities indicated that all variants
with prior < 0.50 were reannotated as B/LB (Figure S1).

The CR-B* phenotype can be rescued by gene transfer in
LCLs

Prior CR-B studies correlated the presence of P/LP variants
in genes in the DSB repair pathway with the CR-B* pheno-
type.®'? To demonstrate the causality of these variants, we
transfected LCLs with expression plasmids containing WT
BRCA1, BRCA2, ATM, and PALB2 cDNAs or containing just
the expression vector (Figures 3, S2, and S3; Table S7). Each
vector had a reporter cDNA in frame to demonstrate
expression in transfected cells. The overall efficiency of
transfection exceeded 90%. These expression plasmids
showed negligible effects when transfected into WT LCLs
or LCLs with B/LP variants. When transfected into LCLs
with P/LP variants, BRCA1 expression rescued BRCA1 var-
iants (p = 0.0002), BRCA2 expression rescued BRCAZ2 vari-
ants (p = 0.0066), ATM expression rescued ATM variants (p
= 0.017), and PALB2 expression rescued a PALB2 variant
(Figure 3). One LCL with VUS in both BRCA2 and PALB2
was rescued only by the BRCA2 ¢cDNA and not by the
PALB2 cDNA, thus demonstrating the BRCAZ2 variant was
causal for the CR-B* phenotype. None of these expression
plasmids rescued LCLs with P/LP variants in NBN (MIM:
602667) and FANCI (MIM: 611360) that were shown previ-
ously to be correlated with the CR-B* phenotype (data not
shown). These studies demonstrated the causality of spe-
cific P/LP variants for the CR-B* phenotype and recapitu-
lated the experiments of an earlier era when gene rescue
was used to identify the genes that accounted for the
different BRCA-FA complementation groups in homozy-
gous/compound heterozygous cells."?

Discussion

In this study, we performed the CR-B test on PBMCs
derived from whole blood and demonstrated analytical
validity of these assays by their reproducibility on succes-
sive days and their correlation with LCLs derived from
the same subjects. Their clinical validity was demonstrated
by the high sensitivity and specificity and by the gene
rescue of LCLs with the CR-B* phenotype using gene trans-
fer for the known mutated gene.

The CR-B test fills a gap for those who fulfill NCCN
guidelines for gene panel sequencing. Only 15%-20% of
those tested are found to have P/LP variants (8% in Monte-
fiore and 20% in Northwell). Of the remainder, 45% were
found to have VUS (Montefiore: 18% DSB repair VUS,
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34% all VUS; Northwell: 22% DSB repair VUS, 39% all
VUS)."™* The currently followed practice of waiting for
VUS to be reannotated by the testing laboratory could be
supplanted by CR-B testing of these individuals. Virtually
all VUS-bearing PBMCs that are CR-B™ could be reanno-
tated as B/LB, because the test fulfills all of the recommen-
dations for the use of multiplexed functional data for clin-
ical variant interpretation.'’ Notably, the analysis should
be applied on an individual variant basis that uses all of
the evidence for that variant to reclassify using strong
functional evidence (BS3) in a Bayesian model.*'* This
approach would not be applicable to CR-B* subjects
because demonstrating causality by a VUS would require
gene rescue of the phenotype by expression plasmid trans-
fection, as demonstrated here.

This study does not offer guidance about odds ratios nor
absolute risks for developing breast cancer as population-
based and family-based case-control studies of panel
sequencing have provided.'* ' Similar study designs could
define the clinical utility of the test as a standalone by esti-
mating breast cancer risks for CR-B* individuals. Major ad-
vantages would be that virtually all individuals would be
classified as CR-B™ or CR-B~, with few falling into the inde-
terminate zone, rapid completion and reporting of the test
(within 2 days), and lower costs than those associated with
gene panel library construction, sequencing, and DNA
variant interpretation. Should the reported high sensitivity

of CR-B be conserved over larger studies, it would meet the
criteria favored by recent survey respondents to a new
germline cancer risk assessment test: high sensitivity and
specificity, rapid turnaround time, and low cost."’

CR-B represents a highly plausible test for identifying
functionally important alterations in the DSB repair
pathway. As shown in this study, CR-B is more sensitive
and specific for identifying DSB repair defects, even
when a variant cannot be identified by sequencing. The
specificity of the test was demonstrated in gene rescue
experiments. The identification of the CR-B™ popula-
tion-risk phenotype in individuals with VUS reclassified
these variants as B/LB using Bayesian analysis. The use
of CR-B following gene panel sequencing resolved VUS
and those that do not have variants to population risk
for subjects found to be CR-B™ (BS3). Currently, the
CR-B test could be used as an adjunct to gene panel
sequencing.

Data and code availability

The data from this study are available in the supplemental tables.

Supplemental information

Supplemental information can be found online at https://doi.org/
10.1016/j.xhgg.2022.100085.
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