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Abstract. At present, breast cancer is the most common type 
of cancer in females. The majority of cases are sporadic, 
but 5‑10% are due to an inherited predisposition to develop 
breast and ovarian cancers, which are transmitted as an 
autosomal dominant form with incomplete penetrance. The 
beneficial effects of clinical genetic testing, including next 
generation sequencing (NGS) for BRCA1/2 mutations, is 
major; in particular, it benefits the care of patients and the 
counseling of relatives that are at risk of breast cancer, in 
order to reduce breast cancer mortality. BRCA genetic testing 
was performed in 15 patients with breast cancer and a family 
with positivity for the heterozygous c.6428C>A mutation of 
the BRCA2 gene. Informed consent was obtained from all 
the subjects. Genomic DNAs were extracted and the NGS for 
genes was performed using the Ion Torrent Personal Genome 
Machine (PGM) with a 316 chip. The reads were aligned with 
the human reference HG19 genome to elucidate variants in the 
BRCA1 and BRCA2 genes. Mutations detected by the PGM 
platform were confirmed by target direct Sanger sequencing 
on a second patient DNA sample. In total, 4 BRCA variants 
were identified in 6 families by NGS. Of these, 3 mutations 
had been previously reported: c.2126insA of BRCA1, and 
c.1310_1313delAAGA and c.7235insG of BRCA2. The fourth 
variant, c.3453delT in BRCA1, has, to the best of our knowl-
edge, never been previously reported. The present study is 
the first to apply NGS of the BRCA1 and BRCA2 genes to a 
Moroccan population, prompting additional investigation 
into local founder mutations and variant characteristics in the 

region. The variants with no clear clinical significance may 
present a diagnostic challenge when performing targeted rese-
quencing. These results confirm that an NGS approach based 
on Ampliseq libraries and PGM sequencing is a highly effi-
cient, speedy and high‑throughput mutation detection method, 
which may be preferable in lower income countries.

Introduction

At present, breast cancer is the most common type of cancer 
in females (1). The majority of cases are sporadic, but 5‑10% 
are due to an inherited predisposition to develop breast and 
ovarian cancers, which are transmitted as an autosomal 
dominant form with incomplete penetrance (2,3). Germline 
mutations of BRCA1 and BRCA2 genes are involved in 
~10 and 3‑5% of ovarian and breast cancers, respectively (4,5). 
According to various professional society guidelines, BRCA1 
and BRCA2 hereditary breast and ovarian cancer is character-
ised by: Multiple family members that possess breast, ovarian 
or both cancers; occurring at young ages or bilaterally in 
the case of breast cancer, triple‑negative (estrogen receptor‑, 
progesterone receptor‑ and human epidermal growth factor 
receptor 2/neu‑negative) breast cancer and male breast cancer; 
and an increased risk of prostate, pancreatic and endometrial 
cancers (6,7). BRCA1 and BRCA2 are tumor suppressor genes 
associated with DNA damage recognition, double‑strand 
break repair, checkpoint control, transcription regulation 
and chromatin remodeling (8). BRAC1 and BRAC2 are large 
genes containing 5,592 and 11,385 nucleotides, respectively, 
which spread over ~100,000 bases of genomic DNA each (9). 
In the Human Gene Mutation Database at the Institute of 
Medical Genetics in Cardiff (HGMD; http://www.hgmd.cf.ac.
uk/ac/index.php), >1,833 BRCA1 mutations and 1,552 BRCA2 
mutations are reported.

Clinical genetic testing for BRCA1 and BRCA2 mutations 
allows physicians to diagnose patients with hereditary breast 
and ovarian cancer. The beneficial effects of clinical genetic 
testing on the care and counseling of relatives at risk may 
aid to reduce breast cancer mortality. The results of oncoge-
netic services and the genetic testing of BRCA1 and BRCA2 
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genes in Moroccan families by direct Sanger sequencing 
were previously documented by the Department of Medical 
Genetics of the public National Institute of Health (Rabat, 
Morocco) (10,11). The present study reports the results of the 
first Moroccan investigation of BRCA1 and BRCA2 gene next 
generation sequencing (NGS) using an Ion Torrent Personal 
Genome Machine (PGM) System in 15 Moroccan patients 
with a family history of breast/ovarian cancer. A novel frame-
shift mutation of the BRCA1 gene is also reported.

Patients and methods

Patients and families. The current study was performed 
as a collaboration between the Anoual Laboratory of 
Radio‑Immuno Analysis, Casablanca, Morocco, where the 
samples were processed for NGS, and the Department of 
Medical Genetics of the public National Institute of Health, 
Rabat, Morocco, where samples were collected following 
oncogenetic consultations and where confirmation of the 
results for NGS by Sanger sequencing were performed.

Of the 68 families listed as receiving oncogenetic consul-
tations between June 2011 and October 2015, BRCA genetic 
testing was performed in 15 patients with breast cancer that 
had been diagnosed at age 50 or younger and/or BRCA‑posi-
tive family history with at least one of these criteria: Bilateral 
breast cancer; male relative with breast cancer; triple‑nega-
tive breast cancer; ovarian, pancreatic or prostate cancer in 
the same individual or on the same side of the family. All 
subjects provided written informed consent for the study, 
which was performed in accordance with the Declaration 
of Helsinki protocols and approved by the local institutional 
review boards.

One positive control, who possessed the heterozygous 
c.6428C>A;p.Ser2143* mutation of the BRCA2 gene, was 
included in the molecular assay (11).

DNA extraction. Genomic DNA was isolated from peripheral 
blood using the salting‑out method (12). The Qubit dsDNA HS 
(High Sensitivity) Assay kit was used to quantify DNA with 
the Qubit® Fluorometer (Invitrogen; Thermo Fisher Scientific, 
Inc., Waltham, MA, USA), according to the manufacturer's 
instructions.

Library preparation. A total of 10 ng of DNA per sample was 
used for library preparation, using the Ion AmpliSeq™ Library 
kit 2.0 (Ion Torrent; Thermo Fisher Scientific, Inc.) and the Ion 
AmpliSeq™ BRCA1 and BRCA2 panel (Ion Torrent; Thermo 
Fisher Scientific, Inc.), according to manufacturer's instruc-
tions. Coding regions from BRAC1 and BRCA2 were amplified 
using 167 primer pairs for 8 samples on one Ion 316™ Chip kit 
v2 (Ion Torrent; Thermo Fisher Scientific, Inc.). Each library 
was barcoded using Ion Xpress™ Barcode Adapters kit (Ion 
Torrent; Thermo Fisher Scientific, Inc.).

Template preparation by emulsion polymerase chain reac-
tion (PCR). The Qubit® 2.0 Fluorometer (Invitrogen; Thermo 
Fisher Scientific, Inc.) and the associated High Sensitivity 
DNA kit (Invitrogen; Thermo Fisher Scientific, Inc.) were 
used to determine the quality and concentration of the 
libraries. Barcoded libraries were pooled and diluted to a final 

concentration of 100 pM. Template preparation by emulsion 
PCR was performed using the Ion PGM™ Template OT2 200 
kit, followed by the Ion OneTouch™ 2 System (Ion Torrent; 
Thermo Fisher Scientific, Inc.), according to manufacturers' 
protocol.

Quantification of the recovered particles was performed 
using the Qubit 2.0® Fluorometer, and the Ion Sphere Quality 
Control kit (Ion Torrent; Thermo Fisher Scientific, Inc.) was 
used to evaluate the library quality, according to manufac-
turer's protocol. The optimal amount of template-positive ion 
sphere particles (ISPs) is 10-30%. ISPs were then recovered 
and enriched for template positive ISPs using Dynabeads 
MyOne Streptavidin C1 beads (Invitrogen; Thermo Fisher 
Scientific, Inc.) in the Ion OneTouch™ ES instrument (Ion 
Torrent; Thermo Fisher Scientific, Inc.).

Ion Torrent PGM sequencing. Sequencing primer and poly-
merase were added to the final enriched ISPs prior to loading onto 
an Ion 316 chip, according to the Ion PGM™ 200 sequencing kit 
protocol. Sequencing was performed on the PGM (Ion Torrent; 
Thermo Fisher Scientific, Inc.). For a sequence variant to be 
considered authentic, a sequencing coverage of 250X reads was 
used as a minimum requirement in the present study.

Data analysis. Sequence data were processed using the 
Torrent Suite software v3.6 (Ion Torrent; Thermo Fisher Scien-
tific, Inc.) to parse barcode reads, to align reads to the HG19 
reference genome and to generate run metrics, including chip 
loading efficiency and total read counts and quality.

Coverage analysis and variant calling used Torrent 
Variant Caller plugin software v3.6 in the Torrent Server 
(http://129.130.90.13/ion-docs/Torrent-Variant-Caller-Plugin.
html). The variant caller parameter setting was germline 
PGM high stringency. Following data analysis, annotation 
of single‑nucleotide variants, insertions, deletions and splice 
site alterations was performed using the Ion Reporter Server 
System (Thermo Fisher Scientific, Inc.).

All mutations reported were confirmed in the Breast 
Cancer Information Core (BIC) database (http://www.
research.nhgri.nih.gov/bic/), the HGMD (http://www.hgmd.
cf.ac.uk/ac/index.php), Clinvar (http://www.ncbi.nlm.nih.gov/
clinvar/) and previous publications (10,13-15). Amino acid 
predictions were performed using the scale‑invariant feature 
transform algorithm and PolyPhen‑2 software tools (Polymor-
phism Phenotyping v2.2.2, developed by Dr Shamil Sunyaev, 
Harvard Medical School, Boston, MA, USA; http://genetics.
bwh.harvard.edu/pph2/).

Sanger sequencing. Mutations detected by the PGM platform 
were confirmed by target direct Sanger sequencing. Sanger 
sequencing was performed using the BigDye Terminator 
v3.1 Cycle Sequencing kit (Applied Biosystems; Thermo 
Fisher Scientific, Inc.). The purification of sequencing reac-
tions was performed using the Sephadex® (Sigma‑Aldrich, 
St. Louis, MO, USA) method. The samples were run on an 
ABI 3130 Genetic Analyzer (Applied Biosystems; Thermo 
Fisher Scientific, Inc.). The chromatograms of the Sanger 
sequencing results were analyzed using SeqScape software 
version 2.5 (Applied Biosystems; Thermo Fisher Scientific, 
Inc.).
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Results

In total, 4 BRCA mutations were identified in 6 Moroccan 
families. The pedigrees of mutated families are shown in 
Fig. 1. In the BIC database, 2 reported mutations were found in 
families I and II, the c.2126insA;p.Phe709TyrfsX3 mutation in 
exon 11 of BRCA1 and the c.7234_7235insG;p.Thr2412Serfs 
mutation in exon 14 of BRCA2, respectively. The proband of 
family III was heterozygous for a BRCA1 nucleotide c.3453delT 
mutation in exon 11. This frameshift changes amino acid 1,151 
from aspartic acid to glutamic acid, which results in a prema-
ture stop codon at amino acid 4. To the best of our knowledge, 
this mutation had never been reported in the BIC database, 

or other resources. The two protein prediction programmes, 
used to predict the functional consequence of this BRCA1 
p.Asp1151Glufs mutation, estimated it to be pathogenic. The 
fourth c.1310_1313delAAGA;p.Lys437IlefsX22 mutation, 
already listed in the BIC, was identified in 3  apparently 
unrelated patients, all from the North‑East of Morocco. After 
detailed genealogic investigations, 2  of the patients were 
found to share a common ancestor in the second generation 
(family IV), whereas the third patient was not related to them 
for at least five generations and belonged to an independent 
family (family V).

NGS confirmed that the positive control was heterozygous 
for the mutation c.6428C>A;p.Ser2143* in the BRCA2 gene.

Figure 1. Pedigrees of the families with BRCA1 and BRCA2 mutations. Arrows indicate the two individuals (probands) in whom next generation sequencing 
was undertaken and blood was analysed. The proband and members of family IV in a sidebar (referred as surrounded branch) were first investigated separately 
in a genetic consultation. Upon genealogic investigation, it was revealed that they shared a common ancestor with the other proband and members of the 
unsurrounded branch. The individuals did not know that they belong to the same family. Genetically, they are considered as a unique family. The nomenclature 
of genealogic pedigrees is represented according to Bennett et al (21).
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Discussion

Approximately 10% of ovarian cancer cases and 3‑5% of breast 
cancer cases are due to germline mutations in BRCA1/2 (4,5). 
The mutational spectrum of BRCA1/2 in the Moroccan popula-
tion is becoming partially characterised thanks to local genetic 
centers, who have developed oncogenetic consultations for 
familial forms of breast and ovarian cancers and performed 
molecular analyses of BRCA genes using the conventional 
individual exon‑by‑exon Sanger sequencing (10,13,14,16,17). 
Thus, several mutations in two particular genes have been 
reported in the Moroccan National Genetic Database (http://
ethnos.findbase.org/home-ma). The mutations are distributed 
throughout the coding region and flanking intronic sequences, 
with an increased concentration in exon 11 for the two genes. 
The majority of the mutations are frameshifts, resulting in 
a frameshift reading of nonsense mutations or splice site 
alterations that lead to truncated proteins. Of these, only the 
c.66_67delAG (previously c.185delAG) and c.798_799delTT 
mutations of BRCA1 appear to be recurrent, at least in two 
unrelated patients (10,15). In addition, the c.66_67delAG muta-
tion has also been detected twice at the Department of Medical 
Genetics of the public National Institute of Health at Rabat 
(unpublished data).

Mutation c.798_799delTT has been observed in two 
Algerian and two Tunisian families presenting with breast 
cancer and is the first non‑Jewish founder mutation to be 
described in Northern Africa, whereas the other identified 
mutations are unique  (10,11,15). This knowledge allows 
Moroccan females that belong to families with an increased 
risk of developing breast cancer to benefit from a presymp-
tomatic diagnosis of the known familial causative mutation, 
and receive preventive management (10). One of the major 
constraints of conventional Sanger sequencing, despite being 
the gold standard for mutation screening for several years, 
is that it is expensive to perform and is time consuming; 
even more so for testing large genes such as BRCA1/2, with 
limited funding and the absence of a targeted molecular 
testing strategy. The advent of NGS technology has increased 
sequencing capacity and lowered the cost of sequencing, 
thus offering a powerful alternative to Sanger sequencing 
for genetic testing (18). In addition, the launch of benchtop 
sequencers with the capacity to detect mutations from a 
significantly greater number of samples in parallel, and in a 
more cost effective manner, led to more clinical laboratories 
adopting this technology (19,20).

The present study reports a family‑based approach using 
an Ion Torrent PGM System to detect mutations in all exons of 
BRCA1/2 genes in 15 patients. The approach found causative 
mutations in 6/14 unrelated families (43%). This high rate of 
detection is associated with the selective criteria used in the 
present study to enroll patients into the cohort. In particular, 
a novel frameshift c.3453delT mutation was identified in 
exon 11 of the BRCA1 gene, and is predicted to be deleterious 
in silico, according to the results of the scale-invariant feature 
transform algorithm and PolyPhen‑2 software tools used 
in the present study. This finding will enrich the Moroccan 
National Genetic Database and other resources. In addition 
to the two previously reported mutations (c.185delAG and 
c.798_799delTT) with repeated occurrence (10,15), a third 

mutation (c.1310_1313delAAGA;p.Lys437IlefsX22) of BRCA1 
was identified in two families from the North‑East of Morocco 
in the present study. Further investigation into these three 
mutations is recommended to be conducted on a larger cohort 
of patients to evaluate their distribution in Morocco. This 
information may simplify genetic testing and have clinical and 
public health implications. Targeted high‑throughput NGS 
may therefore be an effective method to identify mutations 
for disease‑affected pedigrees. Due to the large number of 
calling variants present in the NGS assays, genetic expertise 
is required to validate these variants prior to confirmation by 
Sanger and for use in medical practice. Patients without an 
identified mutation in the BRCA1/2 genes may be explained 
by large rearrangements that are not detected by NGS or by 
mutations of other unknown genes that predispose women to 
breast cancer.

To the best of our knowledge, this is the first Moroccan 
study to perform BRCA1/2 genetic sequencing using NGS 
methods in 15  Moroccan breast cancer patients with a 
family history. Among a wide range of variants detected in 
the 2 genes, 4 deleterious mutations, including a novel and 
recurrent mutation of BRCA1, were identified. These results 
support that the NGS approach based on Ampliseq libraries 
and Ion Torrent PGM sequencing, despite the error rates in 
homopolymer stretches, is a highly efficient, fast and cheap 
high‑throughout mutation detection method that may be 
integrated into the public health program for the molecular 
testing of BRCA genes. The method may result in the better 
management of patients and genetic counseling of relatives 
at risk.
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