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In this proof-of-principle study, we sought to define whether targeted capture massively
parallel sequencing can be employed to determine the origin of metastatic deposits in
cases of synchronous primary malignancies and metastases in distinct anatomical sites.
DNA samples extracted from synchronous tumor masses in the breast, adnexal, and
pelvic-peritoneal regions from a 62-year-old BRCA1 germline mutation carrier were sub-
jected to targeted massively parallel sequencing using a platform comprising 300 cancer
genes known to harbor actionable mutations. In addition to BRCA1 germline mutations,
all lesions harbored somatic loss of the BRCA1 wild-type allele and TP53 somatic mutations.
The primary breast cancer displayed a TP53 frameshift (p.Q317fs) mutation, whereas and
the adnexal lesion harbored a TP53 nonsense (p.R213*) mutation, consistent with a diag-
nosis of two independent primary tumors (i.e. breast and ovarian cancer). The adnexal tu-
mor and all pelvic-peritoneal implants harbored identical TP53 (p.R213*) and NCOA2
(p.G952R) somatic mutations. Evidence of genetic heterogeneity within and between le-
sions was observed, both in terms of somatic mutations and copy number aberrations.
The repertoires of somatic genetic aberrations found in the breast, ovarian, and pelvic-
peritoneal lesions provided direct evidence in support of the distinct origin of the breast
and ovarian cancers, and established that the pelvic-peritoneal implants were clonally
related to the ovarian lesion. These observations were consistent with those obtained
with immunohistochemical analyses employing markers to differentiate between

* Corresponding author. Department of Pathology, Memorial Sloan-Kettering Cancer Center, 1275 York Avenue, New York, NY 10065,
USA. Tel.: +1 212 639 8054; fax: +1 212 639 2502.
* Corresponding author. Translational Research Program, Vall d’Hebron Institut d’Oncologia, Pg Vall d’'Hebron 119-129, 08035 Barcelona,
Spain. Tel.: +34 93 4894167; fax: +34 93 489 40 15.
E-mail addresses: jseoane@vhio.net (J.S. Seoane), reisfilj@mskcc.org (J.S. Reis-Filho).
1574-7891/$ — see front matter © 2013 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.molonc.2013.10.006


mailto:jseoane@vhio.net
mailto:reisfilj@mskcc.org
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molonc.2013.10.006&domain=pdf
www.sciencedirect.com/science/journal/15747891
http://www.elsevier.com/locate/molonc
http://dx.doi.org/10.1016/j.molonc.2013.10.006
http://dx.doi.org/10.1016/j.molonc.2013.10.006
http://dx.doi.org/10.1016/j.molonc.2013.10.006
http://dx.doi.org/10.1016/j.molonc.2013.10.006

MOLECULAR ONCOLOGY 8 (2014) 150-158 151

carcinomas of the breast and ovary, including WT1 and PAX8. Our results on this case of a
patient with BRCA1l-mutant breast and ovarian cancer demonstrate that massively parallel

sequencing may constitute a useful tool to define the relationship, clonality and intra-

tumor genetic heterogeneity between primary tumor masses and their metastatic deposits

in patients with multiple primary malignancies and synchronous metastases.

© 2013 Federation of European Biochemical Societies.
Published by Elsevier B.V. All rights reserved.

1. Introduction

Massively parallel sequencing analysis is reshaping the way
the genomic, transcriptomic and epigenomic analyses of hu-
man tumors are performed (McDermott et al., 2011; Natrajan
and Reis-Filho, 2011; Sandoval and Esteller, 2012; Yates and
Campbell, 2012). This technology, when applied to the study
of germline DNA, has resulted in the identification of genes
whose mutations result in increased cancer predisposition
(Natrajan and Reis-Filho, 2011; Yates and Campbell, 2012) or
are causative of hereditary diseases (Poduri et al., 2013). In
the context of somatic genetics and cancer transcriptomics,
massively parallel sequencing analyses have not only led to
the characterization of the repertoire of somatic genetic aber-
rations in human cancers, but also to the unraveling of intra-
tumor genetic heterogeneity, mutational signatures in human
cancer, identification of mutations that can explain response
or resistance to specific therapeutic agents, and characteriza-
tion of novel fusion genes and ‘read-throughs’ in epithelial
malignancies (Alexandrov et al., 2013; Aparicio and Caldas,
2013; Castellarin et al., 2013; Crockford et al., 2013; Li and
Durbin, 2009; McDermott et al, 2011; Natrajan and Reis-
Filho, 2011; Turner and Reis-Filho, 2012; Yap et al., 2012).

Massively parallel sequencing approaches have recently
been successfully employed in the characterization of the
repertoire of mutations in biological materials other than pri-
mary or metastatic tumor tissue, including circulating cell-
free plasma DNA and cervical cytological preparations, where
the genetic information provided by these analyses may
constitute a way of monitoring disease progression and
response to specific therapies (De Mattos-Arruda et al., 2013;
Kinde et al., 2013). Furthermore, this technology is rapidly be-
ingincorporated into the diagnostic armamentarium of oncol-
ogists and pathologists, in particular in the form of targeted
sequencing approaches (i.e. massively parallel sequencing ap-
proaches based on the sequencing of a limited number of clin-
ically relevant or biologically important genes or mutations)
(Domchek et al., 2013; Wagle et al., 2012).

One of the potential applications of massively parallel
sequencing is establishing the clonality between neoplastic le-
sions. The establishment of clonality between different tumor
masses is particularly important in cases where patients pre-
sent with synchronous primary disease and metastatic de-
posits, and there is uncertainty as to whether some of the
metastatic deposits may constitute a second primary cancer.
For example, in BRCA1 and BRCA2 germline mutation carriers,
patients may present with both breast, abdominal and pelvic
disease, and establishing whether the patient has two pri-
maries (breast and ovarian) or metastatic disease is of clinical
importance, given the therapeutic implications these

diagnoses would have. Although histopathological and immu-
nohistochemical analysis of primary tumors and metastatic
deposits remain the lynchpins of diagnostic pathology and
the usual means to define the primary site of a carcinoma of
unknown primary site or whether a metastatic deposit
stemmed from a given primary tumor, these approaches are
by no means infallible, given potential changes in immuno-
histochemical markers as disease progresses from primary
to metastatic (Amir et al., 2012; Niikura et al., 2012), overlap
in the distribution of markers between metastatic tumors
from different sites (Amir et al., 2012), and technical issues
(Pusztai et al., 2010).

In this proof-of-principle study, we describe the use of tar-
geted massively parallel sequencing as a means to define the
site of origin of multiple metastases in a patient with two pri-
mary malignancies. Using a combination of massively parallel
sequencing and bioinformatic methods, we analyzed a set of
paraffin-embedded tumor tissue samples from a patient
with synchronous breast and adnexal masses and pelvic-
peritoneal metastases, whose histopathological and immuno-
histochemical features were insufficient to determine the
origin of the metastatic deposits. Based on the repertoire of
mutations found in each sample analyzed, not only the site
of origin of the metastatic deposits could be defined, but also
the clonal relatedness of the lesions biopsied, demonstrating
the potential of this approach to provide answers for chal-
lenging clinical scenarios.

2. Material and methods

This study was approved by the IRB of Vall d’'Hebron Institute
of Oncology (Barcelona, Spain).

2.1. Clinical history

A 62-year-old Caucasian woman was referred in early 2012 to
the Vall d’Hebron Institute of Oncology with history of a
palpable 6 cm mass (largest diameter) in the right breast and
a pelvic mass, which have grown in size over the last 12
months. The patient had no personal history of cancer. Family
history was investigated and an unconfirmed history of pelvic
cancer of the patient’s mother was inferred.

Mammography revealed abnormal radiological features
(Figure 1A and B), and a core biopsy of the breast mass was
performed. Histological examination revealed a high-grade
invasive ductal carcinoma of no special type of the breast.
Immunohistochemical analysis was performed using anti-
bodies against estrogen receptor (ER) (Novocastra, Leica Bio-
systems Newecastle Ltd, UK, 6F11, 7 ml Bond ready-to-use,
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Heat Induced Epitope Retrieval (HIER) pH 9), progesterone re-
ceptor (PR) (Novocastra, Leica Biosystems Newcastle Ltd, UK,
SAN27, 7 ml Bond ready-to-use, HIER pH 6) and HER2
(PATHWAY® HER2, clone 4B5; Ventana Medical Systems Inc.,
Tucson, AZ, USA), which demonstrated that approximately
1% of the neoplastic cells expressed ER, but lacked PR and
HER2 expression (Supplementary Figure S1).

Clinical and radiological work-up was performed. Chest,
abdominal and pelvic computerized tomography (CT) scans,
and abdominal and pelvic magnetic resonance imaging
(MRI) revealed the presence of a heterogeneous left-adnexal
mass (10 x 9 cm), pelvic-peritoneal implants and ascites
(Figure 1C—H). A positron emission tomography (PET)/CT
scan was subsequently performed and depicted hypermeta-
bolic breast and pelvic-peritoneal masses and enlarged para-
aortic lymph nodes. Complete blood count, chemistry profile
and tumor markers were obtained, including CA-125
(2321 U/mL; upper limit of 35 U/mL) and CA15.3 (442.7 U/mL,;
upper limit of 35 U/mL). Biopsies of the left-adnexal mass
and pelvic-peritoneal implants were performed. Histopatho-
logical analysis of these lesions revealed poorly differentiated
adenocarcinomas (Figure 2). Immunohistochemical analysis
of the left-adnexal mass and pelvic-peritoneal implants
demonstrated that these lesions, in a way akin to the high-
grade invasive ductal carcinoma of no special type of the
breast, were ER positive (60%), but lacked PR and HER2 expres-
sion. Based on these results, the histological and immunohis-
tochemical findings were inconclusive as to whether the
adnexal mass and the pelvic-peritoneal implants would
constitute metastatic deposits of the breast cancer, or two in-
dependent synchronous primary cancers, namely a high-

grade breast cancer and a primary high-grade serous carci-
noma with peritoneal metastases.

Optimal surgical debulking was performed and included
total abdominal hysterectomy, Dbilateral salpingo-
oophorectomy, and resection of implants on the urinary
bladder, descending colon, sigmoid colon and pelvic perito-
neum. The results of the histological and immunohistochem-
ical analyses of the surgical specimens were identical to those
obtained from the analyses of the biopsies from the breast,
left-adnexal and pelvic-peritoneal lesions. Initial assessment
based on the pathological features, the left-adnexal and
pelvic-peritoneal tumor deposits were considered consistent
with breast cancer metastases. A first-line paclitaxel-based
chemotherapy, intended to treat the metastatic breast cancer,
was initiated, and the patient was referred to genetic coun-
seling for BRCA1 and BRCA2 germline testing, which was per-
formed as previously described (Schouten et al., 2002). In brief,
exons 2 to 24 (except 4) of BRCA1 and exons 2 to 27 of BRCA2
and flanking intronic sequences were analyzed using the
Multiplex Ligation-dependent Probe Amplification (MLPA)
assay (MRC Holland, Amsterdam, The Netherlands). Written
informed consent was obtained from the patient for the
BRCA1 and BRCA2 testing and further genetic analyses of the
samples. A large, germline deletion of exons 1 and 2 of the
BRCA1 gene was confirmed using clinically validated methods
for BRCA1 and BRCA2 testing.

Following the results of the BRCA1 testing, the therapy was
subsequently changed to a regimen based on carboplatin and
paclitaxel, intended as neoadjuvant and adjuvant treatment
for the breast and ovarian lesions, respectively. Radiological
and clinical evaluation demonstrated a reduction in size of

Figure 1 — Radiological assessment of the breast and ovarian tumors, and metastatic deposits. Cranial-caudal (left) and mediolateral-oblique

(right) mammograms depicting a spiculated 60 X 45 mm mass (*) at the upper inner quadrant of the right breast at diagnosis (A1 and B1) and after

11 months of systemic therapy (A2 and B2). Note the substantial tumor shrinkage. Abdominal/pelvic magnetic resonance imaging depicting the

presence of a heterogeneous left-adnexal mass (10 X 9 cm, T2-weighted sequence in coronal plane (C) and sagittal plane (D). Pelvic-peritoneal

implants are shown (arrowhead, ») contacting the superior wall of the urinary bladder (E, coronal plane), descending colon (F, axial plane), peri-

sigmoid colon (G, coronal plane), and pelvis (H, axial plane). Arrowheads (») depict the tumor masses and open arrowheads (») depict the

descending (F) and sigmoid (G) colons.
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Figure 2 — Representative micrographs of the breast and ovarian tumors and the pelvic-peritoneal implants. Representative micrographs of the
breast (A), ovarian (B), urinary bladder (C), descending colon (D), sigmoid colon (E), and pelvic (F) lesions. Note that all lesions are composed of
solid masses of atypical cells, with high nuclear-cytoplasmic ratio and pleomorphic nuclei. Necrosis and mitotic figures were present. Hematoxylin

& eosin staining; original magnification X20.

the breast tumor by 12% (stable disease as per RECIST criteria)
and a dramatic decrease in CA15.3 (56 U/mL; baseline 442.7 U/
mlL). After 20 weeks of therapy, the patient achieved a partial
response of the breast cancer and no evidence of recurrence of
the ovarian lesion. Subsequently, the patient underwent a
breast wide local excision, which confirmed the results of
the initial histological and immunohistochemical analyses.
Local radiotherapy to the breast was performed and the pa-
tient is undergoing clinical and radiological follow-up.

Following the results of the BRCA1 and BRCA2 testing and
the targeted massively parallel sequencing analysis of the le-
sions (see below), representative 4 um-tick sections of the
breast lesion, adnexal mass, and pelvic-peritoneal implants
were subjected to immunohistochemical analysis using anti-
bodies against paired box gene 8 (PAX8), Wilms’ Tumor 1
(WT1), cancer antigen 125 (CA125), gross cystic disease fluid
protein 15 (GCDFP-15), Cytokeratin (CK) 7 and CK20, essen-
tially as previously described (Nonaka et al.,, 2008; Tornos
et al., 2005) in the Immunohistochemistry Laboratory at the
Department of Pathology of Memorial Sloan-Kettering Cancer
Center.

2.2. DNA extraction

Representative histological sections from all tissue samples
were reviewed by a histopathologist (P.N.) and tumor cellu-
larity was assessed. Five 10 um-thick sections of the primary
breast lesion, left adnexal lesion, and four pelvic-peritoneal
implants were cut, stained with nuclear fast red and subjected
to microdissection with a needle under a stereomicroscope

when possible, to maximize the tumor cell content
(Hernandez et al., 2012). DNA from microdissected samples
and from peripheral blood leukocytes was extracted with
RecoverAll™ Total Nucleic Acid Isolation Kit (Ambion, Austin,
TX, USA) for formalin-fixed paraffin-embedded tissue and
QIAamp DNA Blood Mini Kit (Qiagen, Valencia, CA, USA),
respectively, according to the manufacturer’s instructions.

2.3.  Targeted massively parallel sequencing

DNA samples from each lesion and germline DNA obtained
from peripheral blood leukocytes were subjected to targeted
capture massively parallel sequencing using the IMPACT plat-
form (Wagle et al., 2012). Custom oligonucleotides (Nimble-
genSeqCap) were designed for hybridization capture of all
protein-coding exons of 300 key cancer-associated genes
(Supplementary Table S1). Barcoded sequence libraries were
prepared (New England Biolabs, KapaBiosystems) using
36—250 ng DNA and pooled at equimolar concentrations into
a single exon capture reaction as previously described
(Wagle et al., 2012). Sequencing was performed in a single
lane of an Illumina HiSeq2000 (San Diego, CA), and reads
were aligned to the reference human genome hgl9 using the
Burrows-Wheeler Aligner (BWA) (DePristo et al., 2011; Li and
Durbin, 2009). Somatic mutations were called using muTect
(Cibulskis et al., 2013) for single base substitutions, and So-
matic Indel Detector (McKenna et al., 2010) for small inser-
tions and deletions (indels), and all candidate mutations
were reviewed manually using the Integrative Genomics
Viewer (Robinson et al, 2011). Mutations with allelic
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Figure 3 — Genomic profiles of the breast and ovarian tumors, and metastatic deposits. (A) Mutant allele frequency of the somatic mutations. The
mutant allele frequency of each somatic mutation is shown according to the tumor location (breast, ovary or peritoneum-pelvic implants). (B)

Copy-number profiles generated with circular binary segmentation (cbs)-processed targeted massively parallel sequencing data of the breast and
ovarian tumors, and metastatic deposits. Gene copy number gains are highlighted in green and gene copy number losses are highlighted in red. P1,

breast tumor; P2, ovarian tumor; M1, urinary bladder implant; M2, descending colon implant; M3, sigmoid colon implant; M4, pelvic implant.
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frequency of <1% and/or supported by <5 reads were
disregarded.

The mean sequence coverage of each target exon was sub-
jected to a loess normalization to adjust for bias in nucleotide
composition (G + C) and compared to the diploid normal sam-
ple. Gene copy number profiles were generated using circular
binary segmentation; the CGH call package was employed to
define somatic gene copy number gains and losses (van de
Wiel et al., 2007).

A phylogenetic tree was generated from the mutant allele
frequencies, from the presence/absence of mutations or
smoothed gene copy number data using the neighbor-
joining method (Saitou and Nei, 1987) implemented in the
APE package (Paradis et al.,, 2004). Mutations with mutant
allele frequencies <1% were not included in the analysis.
The tree was rooted by a ‘normal tissue’ which did not have
any of the somatic mutations or copy number aberrations.

3. Results

Given the inconclusive nature of the results of the histological
and immunohistochemical ER, PR and HER2 analyses, we
sought to define whether targeted massively parallel
sequencing of the breast, ovarian and pelvic-peritoneal le-
sions would provide direct evidence i) to determine whether
the breast and ovarian lesions would constitute synchronous
primary malignancies or would be clonally related (i.e. one
would constitute a metastatic deposit from the other), and ii)
to ascertain whether the pelvic-peritoneal implants would
originate from the breast or ovarian cancer, or would consti-
tute independent peritoneal carcinomas in the context of a
patient with a BRCAI germline mutation.

Targeted capture massively parallel sequencing yielded
average read depths ranging from 117 x to 463x in the archival
primary and spatially distinct metastatic tumor samples, and
465x in the normal sample. This analysis confirmed the pres-
ence of a germline deletion of exons 1 and 2 of BRCA1, and
revealed that all lesions harbored somatic loss of the BRCA1
wild-type allele and TP53 somatic mutations in the
modal population of cancer cells (Figure 3A, Supplementary
Table S2).

Most importantly, the repertoire of somatic genetic aberra-
tions provided by massively parallel sequencing demon-
strated that the breast and ovarian lesions were not clonally
related (Figure 3A), given that the modal population of cancer
cells from the breast cancer harbored a TP53 frameshift muta-
tion (p.Q317fs), whereas cells from the ovarian lesion dis-
played a distinct TP53 nonsense mutation (p.R213%). Detailed
analyses of the sequencing data revealed no reads harboring
the TP53 p.R213* mutation in the breast lesion, and no reads
displaying the TP53 p.Q317fs mutation in the ovarian lesion
(Supplementary Table S2). Taken together, these results pro-
vided direct evidence to support the contention that the pa-
tient harbored two distinct primary malignancies: a high-
grade breast carcinoma and a poorly differentiated high-
grade serous ovarian carcinoma.

The pelvic-peritoneal implants (i.e. urinary bladder,
descending colon, sigmoid colon and pelvic peritoneum)
harbored TP53 mutations identical to that found in the ovarian
lesion (i.e. p.R213%), In addition, the ovarian tumor and all
pelvic-peritoneal implants displayed NCOA2 (p.G952R) so-
matic mutations (Figure 3A, Supplementary Table S2). These
observations demonstrate that the pelvic-peritoneal implants
are clonally related to the ovarian lesion, and provide strong
circumstantial evidence to demonstrate that they constitute
metastatic deposits of the ovarian rather than the breast
cancer.

The somatic copy number changes determined by
massively parallel sequencing analysis found in the breast
and ovarian lesions were distinct, whereas the pelvic-
peritoneal implants displayed copy number aberrations
similar to those found in the ovarian lesion (Figure 3B), consis-
tent with the notion that the breast and ovarian lesions were
distinct primary malignancies, and that the pelvic-peritoneal
implants stemmed from the ovarian carcinoma.

In line with previous reports demonstrating intra-tumor
genetic heterogeneity in human solid malignancies, evidence
of intra-tumor genetic heterogeneity was observed in the
samples analyzed in this study. Not only mutations of
SMAD?2 (p.249V), ARID1B (p.M2151I), NOTCH1 (p.E1084G) and
PTPN11 (p.E76K) were found in the ovarian lesion and in only
two, two, one and one pelvic-peritoneal implants, respec-
tively, but also the mutant allele frequencies varied according

A Mutational frequency B Ab o

Normal tissue Normal tissue

Breast tumor (P1)

Desc colon implant (M2)

Ovarian tumor (P2)

Pelvic implant (M4)

Sigm colon implant (M3)

Urinary bladder
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Breast tumor (P1)

Pelvic implant (M4)

Sigm colon implant (M3)

Urinary bladder
implant (M1)

Desc colon implant (M2)

C Gene copy number

Normal tissue

Breast tumor (P1)

Desc colon implant (M2)

Ovarian tumor (P2)

Pelvic implant (M4)

Ovarian tumor (P2) Sigm colon implant (M3)

Urinary bladder
implant (M1)

Figure 4 — Phylogenetic trees depicting the clonal relationship among the breast tumor, ovarian tumor and the pelvic-peritoneal implants. The

‘normal tissue’, which does not harbor any somatic mutation, represents the root of the tree. Based on the (A) mutant allele frequencies, (B)

presence/absence of somatic mutations, and (C) copy number alterations, it can be inferred that the breast and ovarian cancers were not clonally

related, whereas pelvic-peritoneal tumors were clonally related to the ovarian cancer. Desc, descending; sigm, sigmoid.
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to the lesion (Figure 3A, Supplementary Table S2). TP53 and
NCOA2 allele frequencies were similar in the ovarian and
pelvic-peritoneal implants, whereas the mutant allele fre-
quencies of PTPN11 and ARID1B were substantially higher in
the urinary bladder implant as compared to the ovarian can-
cer (Supplementary Table S2). It should be noted that some
of the somatic mutations identified were likely restricted to
a subclone within each lesion (e.g. PRKAA2 p.R72H present in
9% of the alleles of the breast lesion, and NOTCH1 p.E1084G
and PTPN11 p.E76K present in 4% and 3% of the alleles of the
ovarian cancer, respectively), providing circumstantial evi-
dence to suggest that the breast and ovarian lesions also dis-
played intra-tumor genetic heterogeneity. Gene copy
number analysis also confirmed the heterogeneity amongst
the lesions analyzed here (e.g. high-level, focal amplifications
on 14q32.33—14q32.33 and 15923 found in the urinary bladder
implant M1, but not in the ovarian primary or remaining met-
astatic deposits; Figure 3B).

Phylogenetic trees were constructed to infer the genetic
relatedness of the lesions subjected to targeted capture
massively parallel sequencing on the basis of mutant allele
frequencies (Figure 4A), the presence/absence of specific so-
matic mutations (Figure 4B) and gene copy number aberra-
tions (Figure 4C). These analyses confirmed independently
that the breast and ovarian cancers were not clonally related,
whereas pelvic-peritoneal tumors were clonally related to the
ovarian cancer.

Comprehensive immunohistochemical analysis revealed
that the breast lesion displayed an immunohistochemical
profile distinct from that of the left adnexal mass and pelvic
peritoneal implants (Supplementary Table S3 and
Supplementary Figure S2). While the breast lesion expressed
CK7 and CA125, and displayed focal and weak expression of
PAXS, the left adnexal mass and pelvic peritoneal implants
displayed strong and diffuse expression of CK7, CA125, WT1
and PAXS8. None of the lesions expressed CK20 or GCDFP-15.
Taken together, the results of the immunohistochemical ana-
lyses are consistent with the notion that the adnexal lesion is
a high-grade serous adenocarcinoma and that the pelvic-
peritoneal lesions were metastatic deposits of the ovarian
rather than the breast lesion (Nonaka et al.,, 2008; Tornos
et al., 2005).

4. Discussion

In this proof-of-principle study, we demonstrate that
massively parallel sequencing can be of clinical value to deter-
mine the relationship between synchronous primary tumor
masses and their metastatic deposits, and to provide addi-
tional, complementary information to that obtained from his-
tological and immunohistochemical analyses (Nonaka et al,,
2008; Tornos et al., 2005). The repertoires of somatic muta-
tions and gene copy number aberrations found in the breast,
ovarian, and pelvic-peritoneal lesions provided direct evi-
dence in support of the distinct origin of the breast and
ovarian cancers, and established that the pelvic-peritoneal
implants are clonally related to the ovarian lesion. These re-
sults were consistent with those of the immunohistochemical
analyses using antibodies that have proven to be useful to

distinguish breast from ovarian lesions (Nonaka et al., 2008;
Tornos et al., 2005).

It should be noted that the case presented here, albeit rare,
exemplifies a diagnostic challenge in patients with BRCA1
germline mutations, given that the histological and immuno-
histochemical profiles of BRCA1 breast and ovarian cancers
may overlap, in particular in metastatic sites. Although immu-
nohistochemical markers, such as WT1 may be used as an
ancillary marker to help distinguish between breast and
ovarian cancers, up to 7% of breast cancers (Hwang et al,,
2004) can be WT1 positive and approximately 7—26% of serous
ovarian cancers (Hwang et al., 2004; Tornos et al., 2005) lack
expression of this marker; in this case, WT1 was expressed
by neoplastic cells of the ovarian and pelvic-peritoneal lesions
and absent in the cells of the breast lesion, confirming the re-
sults of the targeted capture massively parallel sequencing
analysis. It should be noted that WT1 together with the addi-
tional markers employed in this study, namely PAX8, CA125,
GCDFP-15, CK7 and CK20, can reliably differentiate between
primary breast and ovarian lesions. In the context of BRCAI
and BRCA2 germline mutation carriers, however, these
markers would not suffice to determine whether the adnexal
and pelvic-peritoneal lesions would constitute a primary
high-grade ovarian serous carcinoma and pelvic-peritoneal
metastases or a primary high-grade ovarian serous carcinoma
and a primary peritoneal carcinoma. Importantly, however,
sequencing data can provide the clonal relatedness of the le-
sions on the basis of the mutational repertoire of the lesions.

Massively parallel sequencing analyses have the potential
to establish the clonality between lesions. This proof-of-
principle study, however, has several limitations. The analyses
were performed utilizing materials from a single patient and
this patient is a BRCA1 germline mutation carrier. The case
analyzed in this study could be considered as an ideal setting
to test the use of targeted sequencing to define clonality of
multiple tumors from the same patient, given that tumors
arising in BRCA1 germline mutation carriers often harbor so-
matic mutations of TP53, PTEN and RB1 (Weigelt and Reis
Filho, 2013). Therefore, although targeted massively parallel
sequencing was conclusive in the case analyzed here, it is plau-
sible that in other cancer types, this approach may not be suf-
ficient, as cancer cells may not harbor mutations in any of the
genes included in a given targeted capture panel. Importantly,
however, clonality between lesions may also be established
through the analyses of gene copy number aberrations inferred
by this methodology, provided that the targeted capture panel
has an adequate distribution throughout the genome.

The results of the massively parallel sequencing analysis of
this case also corroborate previous studies demonstrating that
breast (Shah et al.,, 2012) and ovarian (Bashashati et al., 2013;
Castellarin et al., 2013) cancers display intra-tumor genetic
heterogeneity, and that spatially distinct areas of a primary
tumor and/or metastatic deposits may harbor private genetic
aberrations in addition to the founder genetic events (i.e. in
the present case, the loss of BRCA1 wild-type allele and TP53
mutations) (Gerlinger et al., 2012; Navin et al., 2011; Shah
et al.,, 2012; Weigelt and Reis Filho, 2013).

In conclusion, our findings demonstrate that massively
parallel sequencing analyses, even when restricted to a
limited number of genes (n = 300), can yield information to
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help define the clonality between lesions and the origin of
metastatic deposits in patients with multiple primary malig-
nancies, providing a proof-of-principle of another application
of massively parallel sequencing in current oncology and pa-
thology practice.
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