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Introduction

	 Mutations in BRCA1 and 
BRCA2 confer the greatest risk of 
breast cancer (BCa), 45%-65% 
by age 701 and approximately 5%-
10% of all BCas are associated with 
inherited mutations.2  Although 
mutations in  BRCA1  and BRCA2 
are rare, occurring in <1% of the 
general population, they are more 
frequently present in individu-
als with a family history of breast 
and/or ovarian cancer, early-onset 
BCa, triple negative breast cancer 

(TNBC; estrogen receptor nega-
tive, progesterone receptor nega-
tive, and human epidermal growth 
factor negative) and those of Ashke-
nazi Jewish ancestry.3 BRCA-related 
BCa in Ashkenazi Jewish women 
can be mainly attributable to three 
well-documented founder muta-
tions making prevention, manage-
ment and treatment of BCa in the 
population more practical. How-
ever, the lifetime risk for non-White 
women remains unknown and may 
even differ due to variable Europe-
an and African admixture. To date, 
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Background: Variants of unknown signifi-
cance (VUSs) have been identified in BRCA1 
and BRCA2 and account for the majority of 
all identified sequence alterations. Notably, 
VUSs occur disproportionately in people of 
African descent hampering breast cancer 
(BCa) management and prevention efforts in 
the population. Our study sought to identify 
and characterize mutations associated with 
increased risk of BCa at young age. 

Methods: In our study, the spectrum of mu-
tations in BRCA1 and BRCA2 was enumer-
ated in a cohort of 31 African American 
women of early age at onset breast cancer, 
with a family history of breast or cancer in 
general and/or with triple negative breast 
cancer. To improve the characterization of 
the BRCA1 and BRCA2 variants, bioinfor-
matics tools were utilized to predict the 
potential function of each of the variants. 

Results: Using next generation sequencing 
methods and in silico analysis of variants, 
a total of 197 BRCA1 and 266 BRCA2 vari-
ants comprising 77 unique variants were 
identified in 31 patients. Of the 77 unique 
variants, one (1.3%) was a pathogenic 
frameshift mutation (rs80359304; BRCA2 
Met591Ile), 13 (16.9%) were possibly 
pathogenic, 34 (44.2%) were benign, and 
29 (37.7%) were VUSs. Genetic epidemio-
logical approaches were used to determine 
the association with variant, haplotype, 
and phenotypes, such as age at diagnosis, 
family history of cancer and family history 
of breast cancer. There were 5 BRCA1 
SNPs associated with age at diagnosis; 
rs1799966 (P=.045; Log Additive model), 
rs16942 (P=.033; Log Additive model), 
rs1799949 (P=.058; Log Additive model), 
rs373413425 (P=.040 and .023; Dominant 
and Log Additive models, respectively) and 
rs3765640 (P=.033 Log Additive model). 
Additionally, a haplotype composed of 
all 5 SNPs was found to be significantly 

associated with younger age at diagnosis 
using linear regression modeling (P=.023). 
Specifically, the haplotype containing all the 
variant alleles was associated with older age 
at diagnosis (OR= 5.03 95% CI=.91-9.14). 

Conclusions: Knowing a patient’s BRCA 
mutation status is important for prevention 
and treatment decision-making. Improv-
ing the characterization of mutations will 
lead to better management, treatment, and 
BCa prevention efforts in African Ameri-
cans who are disproportionately affected 
with aggressive BCa and may inform future 
precision medicine genomic-based clinical 
studies. Ethn Dis. 2017;27(1):169-178; 
doi:10.18865/ed.27.2.169.
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several studies have identified recur-
rent BRCA1 and BRCA2 mutations 
in populations of African descent, 
such as the 943ins10 frameshift 
mutation,4-8 Y101X nonsense mu-
tation9-11 and others.6,7,10,12-15 While 
the frequency of BRCA1 and 
BRCA2 mutations vary depending 
on the characteristics of the BCa 
patients (ie, early age at onset, hav-
ing a family history of BCa), Hall 
et al6 demonstrated that high risk 
patients of African descent have a 
slightly higher frequency of delete-

	 The rapidly decreasing price 
of complete genome, exome, and 
target-enriched sequencing, as well 
as decreased turn-around time, 
have provided a realistic alterna-
tive to genotyping array-based 
GWASs. However, for ethnically 
diverse populations, genetic testing 
remains futile in large part due to 
the increase reporting of variants 
of unknown significance (VUSs). 
VUSs in BRCA1 and BRCA2 ac-
count for up to 50% of all identi-
fied sequence alterations. Notably, 
they occur disproportionately in 
people of African descent hamper-
ing BCa management and preven-
tion efforts in the population. Ku-
rian et al15 and Hall et al6 showed 
an increased prevalence of VUSs in 
high-risk BCa patients of African 
descent (78%) compared with those 
of European descent (61%). Some 
of these VUSs have been termed 
innocuous, but their significance 
alone or in combination is truly 
unknown. Hence, it is important to 
validate the spectrum and frequency 
of mutations in the BRCA genes of 
BCa patients of different ethnicities. 
	 In our study, the spectrum 
of mutations in BRCA1 and BRCA2 
was examined in a cohort of 31 
African American women: 1) with 
early age at onset breast cancer; 2) 
with a family history of breast or 
cancer in general; and/or 3) with 
triple negative breast cancer in or-
der to improve the characterization 
of the BRCA1 and BRCA2 variants 
and to identify mutations associat-
ed with increased risk of BCa in the 
group. Specifically, the mutational 
spectra of BRCA1 and BRCA2, the 
prevalence among high-risk African 

American BCa patients, and the 
pathogenicity or deleteriousness of 
identified mutations were assessed 
using next generation sequenc-
ing methods and in silico analysis 
of variants. Our study provides 
comprehensive insight valuable for 
this understudied population and 
with broad implications in familial 
and non-familial BCa across eth-
nic groups. Such information may 
facilitate mutation screening in a 
clinical setting and is needed to bet-
ter manage resource allocation for 
genetic testing, genetic counseling, 
and planning of preventive interven-
tions in all population subgroups.

Materials and Methods

Ascertainment of Probands, 
Cases and Controls
	 Our study was approved by the 
Howard University Institutional 
Review Board (09-MED-86). For 
this study, DNA samples from the 
African American Familial Breast 
Cancer Study (AAFBC)17 and the 
Breast Cancer Determinants in 
Women from Washington, DC 
(BCDC) study were utilized. Eligi-
ble study participants were African 
American women with a primary 
diagnosis of BCa and with a fam-
ily history of cancer. Study partici-
pants allowed: 1) their medical and 
pathology records to be ascertained 
and the data abstracted and entered 
into a registry (database); 2) col-
lection of personal data and family 
history by interview or by mail; 3) 
routine breast examinations; 4) rou-
tine screening mammography; 5) 
blood draws; 6) genetic screening 

Our study provides 
comprehensive insight 

valuable for this 
understudied population 

and with broad 
implications in familial 
and non-familial BCa 
across ethnic groups.

rious mutations (15.6%) compared 
with Western European (12.1%), 
Eastern European (13.5%) and 
Latin American (14.8%) high-risk 
patients. Furthermore, Rummel et 
al showed that there was a higher 
proportion of clinically relevant 
germline BRCA1 mutations in Af-
rican Americans (AA) with TNBC, 
accounting for 11% of TNBCs 
in AAs while accounting for only 
7% of TNBCs in Caucasians.16
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of DNA; and 7) annual follow-up. 
For participants who were members 
of high-risk families, their family 
members were also enrolled into the 
study. Demographic information 
and family history were also collect-
ed from AAFBC and BCDC study 
participants. National Compre-
hensive Cancer Network (NCCN) 
Guidelines were utilized to de-
termine eligibility for hereditary 
breast and ovarian cancer (HBOC). 

Library Preparation, Template 
Preparation and Sequencing
	 DNA isolation was previously 
performed for all samples using the 
Gentra Puregene Blood Kit (www.
qiagen.com; #158389) and the Qu-
bit® 2.0 Fluorometer was utilized 
to determine the concentration 
of double stranded DNA. Library 
preparation of BRCA1 and BRCA2 
was performed using Ion Ampliseq 
technology and the Ion Personal 
Genome Machine™ (PGM™) Sys-
tem (Life Technologies). The am-
plicon libraries for the PGM were 
constructed and generated with 
20ng of genomic DNA using the 
Ion AmpliSeq™Library Kit 2.0. The 
three custom primer pools included 
primers for all BRCA1 and BRCA2 
exons and intron/exon boundar-
ies. Fragmentation was followed 
by end-repair, blunt-end ligation 
of the Ion Xpress Barcode and Ion 
P1 adaptors (Life Technologies) as 
well as nick translation. Library 
quantity for pooling 16 samples per 
chip was measured using the Ion 
Library Quantitation Kit for qPCR 
on the QuantStudio 7 Flex Real-
Time PCR System (Life Technolo-
gies). Library templates were then 

prepared for sequencing using the 
Life Technologies Ion OneTouch 
2™ protocols and reagents. For runs, 
template-positive ISPs per run, re-
spectively, were deposited onto the 
Ion 318 chips by a series of cen-
trifugation steps that were incorpo-
rated alternating the chip direction-
ality. Sequencing was performed 
using the 500 flow (‘200 bp’) run 
format. There were 5,083,388 and 
6,232,049 total usable reads per chip 
with a mean read length of 147 and 
149 bases, respectively. The mean 
coverage per sample was 2,212. 

Sequence Analysis Methods
	 Sequence data from the PGM 
was processed on the instrument 
server using the Torrent Suite v3.2 
software package. These include 
signal processing, base calling, and 
mapping. Reads were mapped to 
the hg19 human reference genome 
assembly via the Torrent Mapping 
Alignment Program short read 
aligner. Single nucleotide variants 
(SNVs), multinucleotide polymor-
phisms (MNPs), insertions or dele-
tions were identified using Torrent 
Variant Caller Plugin v.4.2.1.0.

In Silico Analysis of Variants
	 Utilizing ClinVar, SIFT (sorts 
intolerant from tolerant) and/or 
PolyPhen-2 (Polymorphism Pheno-
typing v2), the predicted deleterious 
effects of SNPs were determined. 
ClinVar reports the relationships 
among human variations and phe-
notypes, with supporting evidence 
and facilitates access to and com-
munication about the relationships 
asserted between human variation 
and observed health status, and 

the history of that interpretation. 
ClinVar processes submissions re-
porting variants found in patient 
samples, assertions made regarding 
their clinical significance, infor-
mation about the submitter, and 
other supporting data. Because the 
availability of supporting evidence 
may vary, particularly in regard to 
retrospective data aggregated from 
published literature, the archive 
accepts submissions from multiple 
groups, and aggregates related in-
formation, to reflect transparently 
both consensus and conflicting as-
sertions of clinical significance. 
	 Like SIFT, Poly-Phen2 is a tool 
that predicts possible impact of 
an amino acid substitution on the 
structure and function of a hu-
man protein using straight forward 
physical and comparative consider-
ations. Additional information for 
variant location with respect to cod-
ing length (amino acid number) and 
critical domains, such as protein 
binding or active sites, was deter-
mined. Potential stop codons possi-
bly resulting in a truncated protein 
that lacks the binding site of a nega-
tive regulator will receive additional 
emphasis. Information on location 
was gathered through tools such as 
the Integrative Genomics Viewer 
(IGV) to confirm locations in ge-
nomic coordinates and the cBio-
Portal’s MutationMapper for visual-
ization of critical protein domains.

Results 

	 A total of 31 female African 
American patients were included 
in the study. All of the patients had 
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an age at diagnosis <50 years and/
or had a family history of cancer 
or BCa (Figure 1). The mean and 
median age at diagnosis was 38 and 
37 years (range= 23-48), respective-
ly. The mean age for those with a 
general history of cancer (ie, colon, 
prostate) was 38.6 (± 5.8 SD) years. 
For those with a family history of 
breast cancer, the mean age was 
38.3 (± 5.7 SD) years. Those with-
out a family history were slightly 
older at 40.7 (± 5.3 SD) years. 
Those with an unknown family his-
tory had a mean age of 33.1 (± 4.3 
SD). After complete sequence anal-
ysis, a total of 197 BRCA1 (42.5%) 
and 266 BRCA2 (57.4%) variants 
comprising 77 unique variants 
were identified in the 31 patients. 
Notably, patients had an average 
of 15 BRCA1 and BRCA2 variants. 
	 Of the 77 unique variants, 1 was 
a frameshift mutation in BRCA2 
resulting in a pathogenic mutation. 
BRCA1 had 1 3’UTR, 10 intronic, 
14 missense, and 5 synonymous 
SNPs (Table 1 and Figure 2). BRCA2 
had 1 5’ UTR SNP, 1 frameshift, 19 

intronic, 17 missense, and 9 syn-
onymous SNPs (Table 1 and Figure 
2). However, most variants were be-
nign (Figure 3) and only 11 variants 
were either found to be pathogenic, 
variants of unknown significance 
or not found in ClinVar; SIFT and 
PolyPhen classified 4 ClinVar VUSs 
as possibly pathogenic and 3 SIFT/
PolyPhen VUSs were not found in 
ClinVar (Table 1 and Figure 3). 
	 The variant location in regard 
to the gene domains can be found 
in Figures 4 and 5. When variant 
location was considered, only the 
Ile379Met variant was found in a 
critical domain, the BRCT-associ-
ated serine-rich domain (Figures 4 
and 5). However, both Ser1613Gly 
and Leu1564Pro were located less 
than 100 amino acids from the 
BRCA1 C-terminus domain; both 
were labeled as benign by Clin-
Var and possibly pathogenic by 
SIFT/ PolyPhen. In BRCA2 both 
Leu929Ser and Asn1880Lys were 
located less than 100 amino acids 
from BRCA2 repeats 1 and 6; both 
were again labeled as benign by 

ClinVar and possibly pathogenic by 
SIFT/ PolyPhen. SNPs Ile2944Phe 
and Arg2973Cys were also located 
less than 100 amino acids from 
the BRCA2 OB3 pfama (oligo-
nucleotide/oligosaccharide bind-
ing domain 3). The Arg2973Cys 
missense variant was considered of 
uncertain significance in ClinVar. 

Discussion

	 In this study, African Ameri-
can women with early onset breast 
cancer and a family history of can-
cer underwent next-generation 
sequencing to determine the spec-
trum of  mutations and improve 
the clinical characterization of the 
BRCA1 and BRCA2 variants of un-
known significance. Because certain 
mutations may be unique to specific 
populations and may have clinical 
consequences, it is imperative that 
the full spectrum of mutations be 
identified. In silico analysis of vari-
ants allowed us to make predictions 
on the SNPs’ pathogenicity and 

Table 1. Germline mutations identified in 31 African American high-risk breast cancer patients

Gene ID SNP Rs#
Nucleotide or

N %
Mean age 

± SD, 
years

Molecular 
consequences ClinVar

Worst clinical 
significance (SIFT, 

PolyPhen)
Amino acid 

change

BRCA1

55975699 Asp232Asn 1 3.23 36 ± na missense VUS Possibly pathogenic
397507258 Asn319Ser 1 3.23 44 ± na missense VUS VUS
373202012 c.441+52delC 2 6.45 30.5 ± 2.1 intron Not found in ClinVar VUS
578250989 c.441+51T>C 16 51.61 37.1 ± 6.3 intron Not found in ClinVar VUS

novel c.441+54A>G 1 3.23 37 ± na intron VUS VUS

BRCA2

80359304 Met591Ile 1 3.23 41 ± na frameshift Pathogenic Pathogenic
56328701 Asp596His 1 3.23 37 ± na missense VUS Possibly pathogenic
45469092 Arg2973Cys 1 3.23 32 ± na missense VUS Possibly pathogenic

206076 Val2171Val 31 100.0 37.9 ± 5.8 synonymous VUS VUS
56014558 c.7007+53G>A 1 3.23 43 ± na intron Not found in ClinVar VUS
76584943 c.7008-62A>G 1 3.23 32 ± na intron VUS VUS

VUS, variant of unknown significance.
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test for their association with BCa 
in young AA women with a family 
history of cancer. Our next genera-
tion sequencing results revealed a 
large range of variants in the small 
population. In particular, one un-
equivocal pathogenic BRCA2 mu-
tation, Met591Ile, a frameshift 
mutation, was identified in a sole 
participant. ClinVar analysis also 
revealed that 11 (14.3%) of the 
77 unique SNPs were variants of 
unknown significance or possibly 
pathogenic. These SNPs and mu-
tations warrant functional analy-
sis to definitively determine their 
pathogenicity. The results indicate 
that BRCA1 and BRCA2 muta-
tions may contribute marginally to 
early-onset BCa in AA women and 
supports the assertions made by 
others that multi-gene testing may 
be more informative in the group.7

	 It is well-established that the 
prevalence of mutations varies 
by population. In recent studies, 

pathogenic BRCA1 and BRCA2 
mutations were discovered in 10% 
and 8% of high-risk AA BCa partic-
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ipants,7 respectively; similarly, 9.6% 
and 6.5% of probands were discov-
ered to be BRCA carriers in a study 
of US high-risk families.18 However, 
the North Carolina Breast Cancer 
Registry reports much lower rates 
of 1.3% in AAs.19 Comparatively, 
our study found a much lower in-
cidence of pathogenic mutations 
in a high-risk AA BCa popula-

tion. Given the percentages above, 
it was hypothesized that at least 3 
(10%) participants would harbor 
unequivocally pathogenic BRCA1 
or BRCA2 mutations. However, a 
pathogenic mutation (rs80359304; 
Ile591Met) was found only in one 
patient. This patient was found to 
have a frameshift mutation that 
results in a truncated protein at 

amino acid 622 of BRCA2. Our re-
sults show a rate of 3.2% (1 of 31 
patients) that falls between reported 
frequencies. It is worth noting that 
that ClinVar classified 7 variants 
as VUSs and 3 variants were not 
reported in ClinVar. These under-
appreciated variants could be driv-
ing breast cancer predisposition 
in our young patients and need to 
be confirmed by linkage, segrega-
tion, or functional analysis. When 
the VUSs are considered, the rate 
of BRCA1/2 mutations increase to 
22.58%, which is much higher than 
reported frequencies, but probably 
more reflective of the true frequency 
given their age and family history.
	 Notably, thousands of BRCA1 
and BRCA2 genetic variants and 
polymorphisms have been report-
ed and are included in the Breast 
Cancer Information Core (BIC; 
www.nchgr.gov/intramural_re-
search/lab-transfer/Bic) database. 
The pathogenic frameshift vari-
ant found in one patient from 
this study was examined. The 
BIC reports only 1 patient with 
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significance; Green= Benign; Orange=possibly pathogenic; Red=pathogenic)
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this 4 base pair TTTA deletion at 
amino acid site 591 (rs80359304; 
Ile591Met), and reports 2 TTAT 
deletions (rs80359305; Ile591Tyr) 
that result in truncated proteins; 
two additional mutations at the 
same site, rs80356859 (Ile591Thr) 
and 80357901 (Ile591Lys), result 
in amino acid changes suggesting 
that this site may be hypermutable 
although with unfavorable conse-
quences. It is important to also note 
that this is the first report of this 
mutation in a self-reported African 
American woman; all others in the 
BIC were found in patients who self-
reported being of European descent. 
	 Nevertheless, questions about 
the function of many of the BRCA1 
and BRCA2 variants remain. This is 
particularly important in AAs who 
have a greater number of variants 
in BRCA1 and BRCA2, which was 
also demonstrated in this study. The 
dearth of functional variant infor-
mation in ethnically diverse popu-
lations may be due to the under-
representation of ethnically diverse 

populations in genomic studies. 
Furthermore, the discovery of ge-
netic variants of unknown signifi-
cance in actionable genes hinders 
clinical decision making and will 
hamper prevention and cancer 
management efforts, especially in 
AA women who report a higher 
frequency of variants of unknown 

	 There are strengths and weak-
nesses to our study. The cohort of 
African American women with 
early onset breast cancer was not 
very large. However, it is one of the 
few studies that have identified the 
spectrum of mutations in such a 
group. Even with this small cohort, 
there was family history data miss-
ing making it difficult to determine 
if the breast cancer is familial in na-
ture. The limited information about 
family history reflects a larger issue 
in the African American communi-
ty, which historically has had ineq-
uities in access to health care. This 
issue subsequently makes it more 
difficult to find and record fam-
ily history data. Given these chal-
lenges, criteria for genomic testing 
should be reflective of the increased 
prevalence of early age at onset BCa 
in the population. In addition, the 
clinicopathological features associ-
ated with being a mutation carrier 
should be considered when avail-
able, especially for people of Afri-
can descent who have the highest 

Our next generation 
sequencing results revealed 
a large range of variants in 

the small population.

Figure 5. BRCA1 and BRCA2 mutational spectra (x-axis) and frequency for study patients (y-axis) (Blue=variant of unknown 
significance; Green= Benign; Orange=possibly pathogenic; Red=pathogenic)

significance.15 Given the exponen-
tial growth of the unintended dis-
covery of germline variants and the 
limited association of some of these 
genes with genetically defined can-
cer syndromes, annotation of large 
next generation sequencing panels 
will require different approaches. 
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incidence of tumors associated with 
BRCA mutations. For example, it is 
well-established that BCa is a hetero-
geneous disease composed of several 
“intrinsic” molecular subtypes that 
have been classified using microar-
ray analysis.20-26 Of the common 
molecular BCa subtypes, the triple 
negative BCa (TNBC) subtype, is 
considered highly aggressive25 and is 
characterized by Estrogen Receptor 
(ER), Progesterone Receptor (PR), 
and HER2/neu (Human Epidermal 
Growth Factor Receptor 2) nega-
tivity.20 TNBC has a significantly 
higher incidence in women of Af-
rican descent27,28 and there is a link 
between TNBC and the hereditary 
breast and ovarian cancer (HBOC) 
syndrome gene BRCA1.29-36 More-
over, these receptors are excellent 
targets for BCa treatment and pre-
vention. However, treatment op-
tions for tumors without the recep-
tors are often limited. This is one 
of the reasons TNBC is associated 
with poor prognosis, accounts for 
its unresponsiveness to typical en-
docrine therapy, and may partially 
explain shortened survival.37-41 Hav-
ing the clinicopathological infor-
mation could have potentially aided 
in the prediction of the clinical sig-
nificance of the identified variants. 
	 Strengths of this study include 
the innovative use of next-genera-
tion technologies and novel bioin-
formatics approaches that assisted 
us with the in silico characterization 
of VUSs. This study is the second to 
utilize next generation sequencing 
technologies in the identification of 
BRCA1 and BRCA2 variants associ-
ated with BCa.7 It is now accepted 
that next generation sequencing 

is more sensitive, allowing for in-
creased identification of rare vari-
ants given the ability to massively 
sequence samples for a given depth. 
This will facilitate multi-gene test-
ing which will reduce the cost and 
time needed to identify patient mu-
tations for cancer treatment and 
prevention. Given that Africa is 
the most genetically diverse region 
in the world42,43 and that people of 
African descent may present with 
greater variation in their genomes, 
clinical next generation sequencing 
approaches of multiple gene pan-
els may be beneficial to the group 
compared with single gene tests 
such as the BRCA1 and BRCA2 test.
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