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Abstract: We studied genomic alterations in 19 inflammatory breast cancer (IBC) patients with
advanced disease using samples of tissue and paired blood serum or plasma (cell-free DNA, cfDNA)
by targeted next generation sequencing (NGS). At diagnosis, the disease was triple negative (TN)
in eleven patients (57.8%), ER+ Her2- IBC in six patients (31.6%), ER+ Her2+ IBC in one patient
(5.3%), and ER- Her2+ IBC in one other patient (5.3%). Pathogenic or likely pathogenic variants were
frequently detected in TP53 (47.3%), PMS2 (26.3%), MRE11 (26.3%), RB1 (10.5%), BRCA1 (10.5%),
PTEN (10.5%) and AR (10.5%); other affected genes included PMS1, KMT2C, BRCA2, PALB2, MUTYH,
MEN1, MSH2, CHEK2, NCOR1, PIK3CA, ESR1 and MAP2K4. In 15 of the 19 patients in which tissue
and paired blood were collected at the same time point, 80% of the variants detected in tissue were
also detected in the paired cfDNA. Higher concordance between tissue and cfDNA was found for
variants with higher allele fraction in tissue (AFtissue ≥ 5%). Furthermore, 86% of the variants detected
in cfDNA were also detected in paired tissue. Our study suggests that the genetic profile measured in
blood cfDNA is complementary to that of tumor tissue in IBC patients.
Keywords: inflammatory breast cancer (IBC); cell-free DNA (cfDNA); next generation sequencing
(NGS)

1. Introduction
Inflammatory breast cancer is a very aggressive type of breast cancer with a poor prognosis.
In the United States, it accounts for 2–6% of all patients with breast cancer [1–3]. The principal clinical
symptoms of inflammatory breast cancer (IBC) are breast erythema, edema, peau d’orange, and dermal
lymphatic invasion [4]. Despite its name, IBC is not associated with a profuse inflammatory response;
the characteristic redness and swelling of the breast are due to obstruction of lymphatic channels in the
dermis by tumor cells [5,6]. Although IBC is a rare clinical subtype of locally advanced breast cancer, it
is responsible for approximately 10% of breast cancer-associated deaths annually in the US, which
translates into 4000 deaths per year [2,6]. IBC is either stage III or IV at the time of diagnosis and the
majority of patients have lymph node metastases, with one third of the patients having metastases in
distant organs such as the brain, bone, other visceral organs, and soft tissue [6]. The median overall
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survival (OS) for patients with stage III IBC is 4.75 years, compared to 13.40 years in those with
non-IBC. In stage IV disease, the median OS is 2.27 years in IBC patients versus 3.40 years in non-IBC
patients [7,8]. Although IBC, like non-IBC breast cancers, is a heterogeneous disease and can occur
as any of the four molecular subtypes, it is most commonly either human epidermal growth factor
receptor 2 (HER2) overexpressive or triple negative (TN) [9,10]. TN breast cancer, which is defined by
the absence of estrogen and progesterone receptors, and a lack of HER2 overexpression, has a poorer
prognosis than other subtypes [11].
The principal objective of precision oncology is to improve the diagnosis and treatment of cancer
patients, and its focus is increasingly turning to liquid biopsies such as cell-free DNA from blood.
Due to tumor heterogeneity, the analysis of an individual tissue biopsy may not accurately reflect
the genomic profile of a patient’s cancer and this could introduce bias to the selection and efficacy of
personalized therapies. Instead, as DNA is released from multiple tumor regions into the bloodstream,
cfDNA may reflect the aggregate genetic composition of intra-tumor heterogeneity [12,13] as well as
metastases [14–17]. Furthermore, blood samples can be collected at multiple time points, facilitating
longitudinal disease monitoring [18]. As IBC progresses rapidly, the use of blood cfDNA could be
important in following disease progression and selection of new treatments. In the present work, we
studied genetic variants in IBC patients using tissue and paired blood cfDNA samples to evaluate the
concordance of observed mutation profiles. Genetic variants of clinical relevance were studied in TN
and non-TN IBC.
2. Results
2.1. Patients and Samples
This retrospective study included 19 patients with IBC at advanced clinical stage (III or IV). All the
patients were female, 15 were Caucasian (1 with Ashkenazi Jewish and 1 with Jewish heritages), 2
African-American, 1 Hispanic, and 1 Asian. The median age at IBC diagnosis was 47.6 years (range
32–69) with 3 patients > 60 years old. At the time of diagnosis, the disease was classified as ER- PRHer2- (TN) in eleven patients (57.8%), ER+ Her2- in six patients (31.6%), ER+ Her2+ in one patient
(5.3%), and ER- Her2+ in one other patient (5.3%). Changes in ER or Her2 receptor expression were
seen in two patients: cancer cells from patient 14 of the ER+ Her2- group transformed into the TN
phenotype at month 8, and patient 15 who had ER+ Her2+ disease at the time of diagnosis lost Her2
expression on a tumor biopsy performed in month 49 (Supplementary Data and Table S1). Four
patients (#1, #9, #10, and #13) were initially diagnosed and treated for non-IBC breast cancer in the
ipsilateral breast before being diagnosed with IBC (Supplementary Data). The median overall survival
was 31 months for patients with TN IBC and 53 months for patients with non-TN IBC (Figure S1).
IBC patients developed metastasis to the lung, bone, liver, and/or abdomen, and three patients (#1, #2,
and #5) with TN disease developed brain metastases, one of whom (patient 5) also had leptomeningeal
disease (Supplementary Data). Patient treatments and disease progressions are indicated for each
patient (Supplementary Data).
Genomic variants were studied by next generation sequencing (NGS) in malignant tissue or cells
from pleural effusions and paired cfDNA from peripheral blood (plasma/serum) in these 19 patients.
At the time of sample collection, 17 patients had stage IV and 2 patients had stage III disease. A total of
40 samples were studied: skin breast biopsies from 9 patients, breast tissue biopsies from 3 patients, a
lymph node from 1 patient, cells from malignant pleural effusions from 6 patients, and 21 samples of
blood cfDNA. A panel of 93 breast cancer genes (Table S2) was used for targeted NGS; the data were
analyzed using the Qiagen GeneGlobe portal. All variants detected in the 40 samples from the 19 IBC
patients and ctDNA controls are shown in Table S3. A total of 379 variants were detected excluding 37
false positives variants (Table S3). False positives were considered variants with allele fraction (AF) > 0
in at least 18 of the 45 samples, including controls, which show low average AF across samples (< 0.2)
and standard deviation < 0.04.
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2.2. Clinically Relevant Variants in IBC
The QIAGEN Clinical Insight Interpreter (QCI) (Qiagen, Redwood City, CA, USA) was used to
classify the clinical relevance of coding variants in the 19 IBC patients included in the study. Pathogenic,
likely pathogenic, and variants of uncertain significance detected in malignant tissue/cells and blood
cfDNA of patients with triple negative (Table 1) and non-TN (Table 2) IBC are shown. All the patients
had received therapeutic treatment(s) at the time that samples were collected, except patient 5 and
patient 19 at month 8 (both with TN disease), and patient 12 (ER+ Her2-) (Supplementary Data).
For patient 1, cfDNA samples from month 12 (cfDNA1) and month 22 (cfDNA2) were studied and
PALB2 and BARD1 variants were detected in both cfDNA, but the RB1 mutation was only detected in
blood cfDNA from month 22 (Table 1). The RB1 splicing mutation was not present in the lymph node
biopsy or blood cfDNA at month 12; this patient developed metastases in bone, liver, and brain that
were detected by imaging at months 20–22 (Supplementary Data). Variants were also classified as
biomarkers for a clinically available intervention (Tiers 1–3) (Table 1; Table 2) [19]. BRCA1 and BRCA2
pathogenic variants in patient 4 and patient 9 (Table 1) were classified as T1A since there are two poly
(ADP-ribose) polymerase (PARP) inhibitors that have been approved by the FDA for patients with
metastatic breast cancer who carry germline mutations in these genes [20,21].
Table 1. Clinically relevant variants in triple negative IBC. Variants were classified as pathogenic
(in red), likely pathogenic (in blue) or variants of uncertain significance (in black). Variants were
also classified according to its actionability: T1A indicates strong clinical significance; T2C indicates
potential clinical significance and FDA-approved therapies for different tumor types or investigational
therapies. For each variant, its allele fraction (AF) is indicated in parenthesis. The samples used to
study genomic variants, collection time from disease onset, and stage of the disease at the time of
sample collection are indicated. (1) For patient 1, cfDNA samples from month 12 (cfDNA1) and month
22 (cfDNA2) were studied and PALB2 and BARD1 variants were detected in both, but the RB1 mutation
was only detected in cfDNA from month 22. All the patients were pre-treated except patient 5 (month
1) and patient 19 at month 8 that did not receive any treatment at those times. (**) In patients 4 and 9,
the BRCA variants were confirmed to be of germline origin.
Patient ID

Patient 1
(T77549)

Patient 2
(C65525)

Tissue Biopsy

Cell-Free DNA from Blood

Lymph Node- Month 12 (Stage IV)

Plasma from Month 12 (cfDNA1) and Month 22 (cfDNA2)

PALB2 c.1317delG p. G439fs*12 (43%) T2C
BARD1 c.1518_1519delTGinsCA p. V507M (99%)

PALB2 c.1317delG p. G439fs*12 (51%) T2C
BARD1 c.1518_1519delTGinsCA p. V507M (99%)
RB1 splice 607+1 G>C (11%) (only in cfDNA month 22)
(1)

Breast tissue biopsy - Month 33 (Stage IV)

Serum- Month 33

PMS1 c.605G>A p. R202K (60%)
BARD1 c.1518_1519delTGinsCA p. V507M (40%)
TP53 c.721_722insA p. S241fs*23 (16%) T2C

PMS1 c.605G>A p. R202K (53%)
BARD1 c.1518_1519delTGinsCA p. V507M (44%)
TP53 c.721_722insA p.S241fs*23 (5.59%) T2C

Cells from malignant pleural effusion -Month 12 (Stage IV)

Serum - Month 12

Patient 3
(L67523)

MUTYH c.1187G>A p. G396D (44%)
SYNE1 c.23102G>A p. R7701Q (52%)
TP53 c.375+1G>T (21%) T2C

MUTYH c.1187G>A p. G396D (43%)
SYNE1 c.23102G>A p. R7701Q (56%)
TP53 c.375+1G>T (56%) T2C
PMS2 c.89A>C p. Q30P (2.97%) T2C

Skin breast biopsy- Month 17 (Stage IV)

Serum - Month 17

Patient 4
(I74311)

** BRCA1 c.68_69delAG p. E23fs*17 (50%) T1A
EXT2 c.520A>C p.M174L (50%)
PTGFR c.465G>A p.M155I (50%)

** BRCA1 c.68_69delAG p. E23fs*17 (48%) T1A
EXT2 c.520A>C p. M174L (54%)
PTGFR c.465G>A p. M155I (53%)

Patient 5
(K75070)

Patient 6
(B79071)

Patient 7
(S80274)

Skin breast biopsy- Month 1 (Stage III)

Plasma - Month 1

BARD1 c.1518_1519delTGinsCA p. V507M (52%)
ATM c.5042T>C p. I1681T (47%)

BARD1 c.1518_1519delTGinsCA p. V507M (60%)
ATM c.5042T>C p.I1681T (42%)

Skin breast biopsy- Month 35 (Stage IV)

Serum- Month 35

SYNE1 c.14666C>G p. S4889C (34%)
TP53 c.690_702delCACCATCCACTAC p. I232fs*11 (56%) T2C
BRCA1 c.5278-1G>T (33%) T1A
KMT2C c.2976+1G>A (17%)
MRE11 c.1532delA p. N511fs*13 (2.23%) T2C

SYNE1 c.14666C>G p. S4889C (47%)
TP53 c.690_702delCACCATCCACTAC p. I232fs*11 (21%) T2C
BRCA1 c.5278-1G>T (9.05%) T1A
KMT2C c.2976+1G>A (20%)
PMS2 c.89A>C p. Q30P (1.81%) T2C

Skin breast biopsy- Month 13 (Stage IV)

Serum- Month 13

BARD1 c.1518_1519delTGinsCA p. V507M (49%)

BARD1 c.1518_1519delTGinsCA p. V507M (50%)
ESR1 c.805C>T p.R269C (50%)
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Table 1. Cont.
Patient ID

Patient 8
(K93878)

Patient 9
(D89802)

Patient 18
(E78569)

Patient 19
(S73507)

Tissue Biopsy

Cell-Free DNA from Blood

Cells from malignant pleural effusion - Month 44 (Stage IV)

Serum- Month 44

RB1 c.2336T>A p. L779* (89%)
TP53 c.294_310 delTTCCCAGAAAACCTACC p. S99fs*44
(83%) T2C
PMS2 c.1239delA p. D414fs*34 (1.8%) T2C

RB1 c.2336T>A p. L779* (24%)
TP53 c.294_310 delTTCCCAGAAAACCTACC p. S99fs*44 (23%)
T2C
PMS2 c.1239delA p. D414fs*34 (2.53%) T2C

Breast tissue biopsy- Month 3 (Stage IV)

Serum - Month 3

** BRCA2 c.7976G>A p. R2659K (50%) T1A
BARD1 c.1518_1519 delTGinsCA p. V507M (89%)
MEN1 c.1471G>T p. E491* (71%)

** BRCA2 c.7976G>A p. R2659K (50%) T1A
BARD1 c.1518_1519 delTGinsCA p. V507M (44%)
MRE11 c.1532delA p. N511fs*13 (2.64%) T2C

Cells malignant pleural effusion-Month 26 (Stage IV)

Plasma- Month 21 (Stage IV)

KMT2C c.10432C>G p. Q3478E (43%)
SYNE1 c.12149_12150delAGinsGT p. K4050S (53%)
NBN c.1729G>T p. D577Y (78%)
TP53 c.817C>T p. R273C (58%) T2C

KMT2C c.10432C>G p. Q3478E (50%)
SYNE1 c.12149_12150delAGinsGT p. K4050S (51%)
NBN c.1729G>T p. D577Y (58%)
TP53 c.817C>T p. R273C (6.77%) T2C

Skin breast biopsy- Month 8 (Stage IV)

Plasma- Month 15 (Stage IV)

BARD1 c.2300_2301delTG p. V767fs*4 (44%)
AR c.170T>A p. L57Q (4.86%)

BARD1 c.2300_2301delTG p. V767fs*4 (41%)

Table 2. Clinically relevant variants in non-triple negative IBC. Variants are classified as pathogenic
(in red), likely pathogenic (in blue) or variants of uncertain significance (in black). Variants are also
classified according to its actionability: T2C indicates potential clinical significance and FDA-approved
therapies for different tumor types or investigational therapies; T2D variant with potential clinical
significance with evidence from preclinical trials or few cases reports without consensus. For each
variant, its allele fraction (AF) is indicated in parenthesis. The samples used to study genomic variants,
time of collection from disease onset and stage of the disease at the time of sample collection are
indicated. (1) variants of clinical significance were not detected. (**) Indicated putative germline
variant. All patients, except patient 12, were pre-treated at the time that the samples were collected for
the study.
Patient ID

Patient 10
(M71182)

Patient 11
(M85099)

Patient 12
(P73793)

Patient 13
(B68225)

Patient 14
(B78899)

Patient 15
(B62630)

Tissue Biopsy

Cell-Free DNA from Blood

Skin breast biopsy- Month 54 (Stage IV)

Plasma - Month 54

ErbB2 c.2689C>T p. R897W (56%)
XRCC2 c.622_624delGAA p. E208del (39%)
PIK3CA c.3140A>G p. H1047R (48%) T2C
ESR1 c.1613A>G p. D538G (22%) T2D

ErbB2 c.2689C>T p. R897W (52%)
XRCC2 c.622_624delGAA p. E208del (41%)

Cells from malignant pleural fluid- Month 29 (Stage IV)

Serum- Month 29

BARD1 c.1518_1519delTGinsCA p. V507M (100%)
CDKN2A c.442G>A p. A148T (65%)
SYNE1 c.12149_12150delAGinsGT p. K4050S (51%)
TP53 c.541C>T p. R181C (37%) T2C
TP53 c.818G>A p. R273H (30%) T2C
NCOR1 c.842+1G>A (12%)
PTEN c.955_958delACTT p. T319* (9.83%) T2C
MRE11 c.1532delA p. N511fs*13 (2.23%) T2C
PTEN c.843_858delAGGACCAGAGGAAACC
p.G282fs*4 (8.11%) T2C

BARD1 c.1518_1519delTGinsCA p. V507M (100%)
CDKN2A c.442G>A p. A148T (50%)
SYNE1 c.12149_12150delAGinsGT p. K4050S (48%)
TP53 c.541C>T p. R181C (52%) T2C
TP53 c.818G>A p. R273H (1.65%) T2C

Breast tissue biopsy- Month 1 (Stage IIIB)

Serum (cfDNA2) - Month 1

MRE11 c.1532delA
p.N511fs*13 (2.29%) T2C

(1)

Skin breast biopsy- Month 19 (Stage IV)

Serum- Month 19

CHEK2 c.444+1G>A (50%) T2C
TP53 c.286dupT p. S96fs*53 (4.88%) T2C

CHEK2 c.444+1G>A (46%) T2C

Skin breast biopsy - Month 8 (Stage IV)
**TP53 c.796G>A p. G266R (48%) T2C
RB1 c.131_132insTT p. V45fs*21 (43%)
MRE11 c.1532delA p. N511fs*13 (2.11%) T2C

Plasma- Month 8
**TP53 c.796G>A p. G266R (48%) T2C
RB1 c.131_132insTT p. V45fs*21 (50%)
AR c.170T>A p. L57Q (4.06%)

Cells from malignant pleural effusion- Month 50 (Stage IV)

Serum - Month 50

MSH2 c.435T>G p. I145M (85%) T2C
PMS2 c.1239delA p. D414fs*34 (2.34%) T2C

MSH2 c.435T>G p. I145M (50%) T2C
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Table 2. Cont.
Patient ID
Patient 16
(T73616)

Patient 17
(S69308)

Tissue Biopsy

Cell-Free DNA from Blood

Cells from malignant pleural fluid - Month 9 (Stage IV)

Plasma- Month 3 (Stage IV)

SYNE1 c.12149_12150delAGinsGT p. K4050S (50%)
MYC c.1085C>T p. S362F (50%)

SYNE1 c.12149_12150delAGinsGTp. K4050S (59%)
MYC c.1085C>T p. S362F (52%)
MAP2K4 c. 400C >T p. R134W (26%)
PMS2 c.89A>C p.Q30P (1.92%) T2C

Skin breast biopsy- Month 31 (Stage IV)

Plasma -Month 25 (Stage IV)

IRAK4 c.529A>G p. T177A (61%)
TP53 c.602delT p. L201fs*46 (57%) T2C

IRAK4 c.529A>G p. T177A (57%)
TP53 c.602delT p. L201fs*46 (16%) T2C
TP53 c.638G>A p. R213Q (4.81%) T2C

In the 19 IBC patients included in this study, pathogenic or likely pathogenic variants were most
frequently detected in TP53 (9/19 patients; 47.3%), PMS2 (5/19; 26.3%), MRE11 (5/19; 26.3%), BRCA1
(2/19; 10.5%), RB1 (2/19; 10.5%), AR (2/19; 10.5%), and PTEN (2/19; 10.5%) in malignant tissue/cells
and/or cfDNA samples; others were detected in BRCA2, PALB2, PMS1, MUTYH, KMT2C, MEN1, MSH2,
CHEK2, NCOR1, PIK3CA, ESR1 and MAP2K4 (Figure 1A). From 41 pathogenic or likely pathogenic
variants detected in 19 IBC patients, 21 (51.2%) were detected in both malignant tissue/cells and paired
cfDNA (Figure 1B); 13 (31.7%) were detected only in tissue, and 7 (17.1%) were only detected in cfDNA
(Figure 1B). Four pathogenic variants were only detected in tissue although they were at high AF
(> 10%); these pathogenic variants were in MEN1 in patient 9 (Table 1); PIK3CA and ESR1 in patient 10
(Table 2); and NCOR1 in patient 11 (Table 2).
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Figure 1. Genes with pathogenic or likely pathogenic variants in IBC. Genes with pathogenic or likely
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Variants with AF ~50% in both tissue and matching cfDNA from blood were detected in: BRCA1
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(patient 4; Figure 1B and Table 1), BRCA2 (patient 9; Figure 1B and Table 1) and TP53 (patient 14;
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and Table 2), all
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were putative
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~ 50% in cfDNA and paired
tissue). In this retrospective study, leukocytes, fibroblasts, or normal tissue samples were not
available to identify germline variants. However, in patients 4 and 9, those BRCA variants were
confirmed to be of germline origin by clinical genetic tests performed at the time of diagnosis
(Supplementary Data).
2.3. Concordance of Variants in Tissue and Paired Blood cfDNA
To study concordance between variants in tissue and paired blood cfDNA, only those patients
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Variants with AF ~50% in both tissue and matching cfDNA from blood were detected in: BRCA1
(patient 4; Figure 1B and Table 1), BRCA2 (patient 9; Figure 1B and Table 1) and TP53 (patient 14;
Figure 1B and Table 2), all of which were putative germline variants (AF ~ 50% in cfDNA and paired
tissue). In this retrospective study, leukocytes, fibroblasts, or normal tissue samples were not available
to identify germline variants. However, in patients 4 and 9, those BRCA variants were confirmed to be
of germline origin by clinical genetic tests performed at the time of diagnosis (Supplementary Data).
2.3. Concordance of Variants in Tissue and Paired Blood cfDNA
To study concordance between variants in tissue and paired blood cfDNA, only those patients in
which tissue and blood were collected at the same time point were considered. From the 19 patients
studied, tissue and blood samples were collected at the same time-point in 15 patients (#1 to #15).
cfDNA profiles revealed three groups: (1) a low allele fraction (AF) group of variants; (2) a middle
group of variants centered around 50% AF; and (3) a high group of variants centered around 100% AF,
Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW
7 of 16
likely representing homozygous germline variants (Figure 2A). Some variants were detected in both
AF,and
likelypaired
representing
germline
variants
(Figure
2A). Some
variants
were
detected
in not in the
tumor tissue
bloodhomozygous
cfDNA, while
others
were
detected
in the
tumor
biopsy
but
both
tumor
tissue
and
paired
blood
cfDNA,
while
others
were
detected
in
the
tumor
biopsy
but
not
cfDNA; still others were detected in cfDNA from blood but not in the tissue biopsies or cells from
in the cfDNA; still others were detected in cfDNA from blood but not in the tissue biopsies or cells
malignantfrom
pleural
fluids (Figure 2B).
malignant pleural fluids (Figure 2B).

(A)

(B)
Figure 2. Allele fraction (AF) of genetic variants detected in blood cfDNA of 15 IBC patients with paired
Figure 2. Allele
fraction (AF) of genetic variants detected in blood cfDNA of 15 IBC patients with paired
tissue samples in which blood and tissue were collected at the same time-point. Variants are shown for
tissue samples
in
blood
tissue
wereusing
collected
at the
same
patients 1which
to 15. (A)
AF ofand
variants
detected
cfDNA from
blood;
(B)time-point.
AF of variantsVariants
detected inare shown
for patients
1 to 15. tissue/cells
(A) AF ofand
variants
detected
using
blood;
(B) AFin of
variants
malignant
paired cfDNA
from
blood.cfDNA
In red, from
pathogenic
variants;
blue,
likely detected
pathogenic
variants;and
in black,
variants
of uncertain
grey,pathogenic
benign or likelyvariants;
benign variants.
in malignant
tissue/cells
paired
cfDNA
fromsignificance;
blood. Ininred,
in blue, likely
pathogenic variants; in black, variants of uncertain significance; in grey, benign or likely benign variants.

To study concordance of variants between tissue and paired cfDNA, data from these 15 patients
were extracted from Table S3, and germline variants observed in the overall population with an allele
frequency of 2.5% or greater in the Genome Aggregation Database (gnomAD) [22] were excluded
from the data (Table S4). We considered concordant alterations only when the exact same sequencing
alteration was present in both malignant tissue/cells and paired cfDNA from blood. Variants causing
coding changes of uncertain significance, and those pathogenic, likely pathogenic, benign, and likely
benign were considered in studying concordance between tissue and paired cfDNA samples;
synonymous DNA alterations were excluded. The number of variants detected in both tumor tissue
and paired cfDNA (concordant variants), or observed only in the tumor biopsy or only in cfDNA
were counted for each patient (Table S5). A total of 221 variants were identified in the 15 patients
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To study concordance of variants between tissue and paired cfDNA, data from these 15 patients
were extracted from Table S3, and germline variants observed in the overall population with an allele
frequency of 2.5% or greater in the Genome Aggregation Database (gnomAD) [22] were excluded
from the data (Table S4). We considered concordant alterations only when the exact same sequencing
alteration was present in both malignant tissue/cells and paired cfDNA from blood. Variants causing
coding changes of uncertain significance, and those pathogenic, likely pathogenic, benign, and
likely benign were considered in studying concordance between tissue and paired cfDNA samples;
synonymous DNA alterations were excluded. The number of variants detected in both tumor tissue
andJ. paired
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or cells, 73.3% were also detected in paired cfDNA from blood. However, for variants with AF < 5% in
tissue or cells, only 36.8% were also detected in cfDNA. Furthermore, 85.6% of the variants detected in
blood cfDNA were also detected in paired malignant tissue/cells. Previous studies in other types of
cancer have shown a concordance of 50–88% when comparing tumor DNA and blood cfDNA using
NGS [23,24]. Low concordance (10.8–15.1%) was found in an NGS study that included 45 breast
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in malignant tissue or cells, 73.3% were also detected in paired cfDNA from blood. However, for
variants with AF < 5% in tissue or cells, only 36.8% were also detected in cfDNA. Furthermore, 85.6%
of the variants detected in blood cfDNA were also detected in paired malignant tissue/cells. Previous
studies in other types of cancer have shown a concordance of 50–88% when comparing tumor DNA
and blood cfDNA using NGS [23,24]. Low concordance (10.8–15.1%) was found in an NGS study
that included 45 breast cancer patients, 34 of whom had IBC [25]. The low concordance could be
explained by the fact that two different platforms, with different sequencing techniques, were used
to study tissue and paired cfDNA [25]. In that study, the FoundationOne (Foundation Medicine)
test was used for formalin-fixed, paraffin-embedded specimen, and cfDNA was tested using the
Guardant360 (Guardant Health) platform; concordance was particularly low for copy number variants
(CNVs) [25]. The numbers of genes tested in the FoundationOne and Guardant 360 panels were 315
and 70, respectively. Kuderer et al. found also low concordance between tumor and paired blood
cfDNA using these two platforms [26], however, in both studies, the concordance increased after
restricting comparisons to variants found in the cfDNA at AF greater than 1% [25,26]. In our work, we
used the same platform to study tissue and blood cfDNA samples, and only variants with AF ≥ 1.5%
in cfDNA were considered. We studied single nucleotide variants (SNVs) and small indels (insertions
and deletions), but did not include CNVs in the analysis. Although combining liquid biopsy with NGS
technology provides a noninvasive method to analyze numerous cancer-related genes in a single assay,
detecting low AF of SNVs through NGS still presents significant challenges due to the high rates of
false positives when tumor DNA is in low concentration as in the case of cfDNA.
From the genetic variants detected in blood, 14.3% of them were not present in paired tissue
samples. Metastatic lesions have a genomic fingerprint that may evolve and become discordant from
the primary tumor [27]. Most of the patients in this study had stage IV disease and most of them
developed distal metastases to the lung, bone, liver, and/or abdomen that could explain the presence of
variants in blood cfDNA coming from these metastatic sites. cfDNA may be derived from a primary
tumor, metastatic lesions, or circulating tumor cells (CTCs) [28]; both apoptosis and necrosis, alongside
active secretion, play important roles in the cfDNA presence in liquid biopsies [29,30].
In addition to cfDNA found in plasma and serum, cfDNA in urine has shown promise as a
biomarker for certain cancers. For example, in patients with non-muscle-invasive bladder cancer, high
levels of cfDNA were found in urine samples in patients with progressive disease, including samples
from patients where levels of cfDNA were low in plasma [31]. Moreover, in a genomic analysis of
urine cfDNA in patients with urothelial bladder cancer, there was a high rate of concordance between
mutations found in urine cfDNA and tumor tissue [32]. Saliva cfDNA was used to study variants
in patients with oral cancer [33]. In patients with brain tumors, ctDNA in blood is rarely found,
presumably due to the blood–brain barrier [34]. Cerebrospinal fluid (CSF) ctDNA was identified in
primary and metastatic brain tumors [17]. Three patients from our cohort study developed brain
metastases, one of whom also had leptomeningeal disease. Genomic profiling of CSF might guide
clinical decisions in IBC patients who develop brain or leptomeningeal metastasis [35].
In the present work, pathogenic or likely pathogenic variants were most frequently detected in
TP53 (47.3%), PMS2 (26.3%), MRE11 (26.3%), BRCA1 (10.5%), RB1 (10.5%), AR (10.5%) and PTEN
(10.5%); others in PMS1, KMT2C, BRCA2, PALB2, MUTYH, MEN1, MSH2, CHEK2, NCOR1, PIK3CA,
ESR1 and MAP2K4 were detected in 5.3% of patients. Most of these variants correspond to proteins
involved in DNA repair (PMS2, MRE11, BRCA1, BRCA2, PALB2, PMS1, MUTYH, CHEK2, MSH2) and
control of the cell cycle (TP53, RB1, CHEK2). Deficient DNA repair and control of cell cycle would
contribute to disease progression. In a recent study of 101 untreated primary IBC tumors aggregated
from four public datasets, Bertucci et al. showed that the genomic profile of IBC is different from
non-IBC breast cancer [36]. Genes involved in DNA repair were found more frequently altered in IBC
than in non-IBC breast cancer [36]. TP53 was found to be the most frequently altered gene in IBC
and its rate of mutation in IBC was found to be significantly higher than in non-IBC patients [36–38].
Matsuda et al. found that TP53 was altered in 75% of IBC (18/24 patients) and in 28.2% (106/376
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patients) of non-IBC patients [38]. Liang et al. found alterations in TP53 in 43% (67/156) of the IBC
patients (61/197) and 31% of the non-IBC breast cancer patients [37]. The likely pathogenic variant
androgen receptor (AR) c.170T > A (p. L57Q) detected in two IBC patients from our study represents a
missense mutation in the amino-terminal domain of the AR with partial loss of function of the protein.
The AR, like the estrogen receptor (ER) and the progesterone receptor (PR), is a member of the steroid
hormone receptor family. There is a significant association between AR and ER expression in breast
carcinoma [39]. In general, AR-positive status is significantly associated with better clinical outcomes
than AR-negative tumors; however, in some studies, the significant prognostic relevance of AR was
observed in ER-positive tumors, but not in ER-negative tumors or triple negative tumors [39]. In another
study, AR negativity was associated with a greater frequency of recurrence and distant metastasis in
triple negative tumors [40]. IBC patients who were found to have AR-negative/ER-negative tumors
had the worst survival outcomes compared to patients who had tumors that exhibited other AR/ER
combinations [41].
Importantly, although our studies showed high concordance between variants detected in tissue
and paired cfDNA from blood, some pathogenic variants detected at high AF in tissue were not
detected in cfDNA. These variants were found in MEN1, PIK3CA and ESR1, suggesting that the
information detected from blood cfDNA could, at most, be complementary to the variants detected
in tissue.
Although the number of samples studied in the present work was low, it must be taken into
consideration that IBC is a rare disease that accounts for only 2–5% of all patients with breast cancer.
Many inflammatory breast cancer genetic studies face challenges of a paucity of samples given the
rarity of the disease. Five NGS-based studies have been published regarding IBC using tissue samples
in which the number of genes tested varied between 50 to 255 [37,38,42–44]. In these studies, targeted
NGS [37,38,43,44] and whole-exome sequencing [42] were used.
The fact that IBC patients tend to be younger than other breast cancer patients (52 years in IBC vs.
57 in non-IBC) has suggested a genetic component in the etiology of IBC [45]. In a recent study of 368
IBC patients, it was found that 14.4% carried pathogenic germline variants [46]. BRCA1 and BRCA2
germline pathogenic variants were found in 7.3% of the IBC patients, 6.3% had a mutation in other
cancer genes (PALB2, CHEK2, ATM and BARD1), and 1.6% had a germline pathogenic variant in other
genes not related with breast cancer [46]. In this study, putative pathogenic variants with AF~50% in
both tissue and paired cfDNA were detected in BRCA, BRCA2 and TP53 in three patients; those BRCA1
and BRCA2 variants were confirmed to be of germline origin since those patients had clinical genetic
tests performed. Pathogenic germline variants in BRCA1 and BRCA2 genes are highly penetrant,
conferring a risk that is more than four times that of the non-mutated population [47]. The patient who
carried the TP53 mutation at high AF had also Ehlers–Danlos syndrome and a first degree relative with
prostate cancer. A putative germline variant of uncertain significance found commonly in patients from
this study was BARD1 V507M, which was carried by 7 of the 19 patients. BARD1 (BRCA1-associated
ring domain) encodes a protein which interacts with the N-terminal region of BRCA1. BARD1 is vital
in the rapid relocation of BRCA1 to DNA damage sites [48] and has been associated with increased
risk of breast cancer in postmenopausal Japanese women [49]. Although this alteration has not been
associated with familial or sporadic breast cancer in other populations [50], a statistically significant
association of this variant with high-risk neuroblastoma has been demonstrated [51,52]. One limitation
of our study design is that it was retrospective and control samples for germline profiling such as
leukocytes, fibroblasts, or other normal tissue samples were not available. Internal validation in
future studies will provide a more accurate estimate of the expected germline mutation prevalence in
IBC, and somatic mutations that could arise from clonal hematopoiesis that could confound cfDNA
analysis [53,54].
Our results suggest that the information regarding genetic variants in blood cfDNA from IBC
patients is complementary to the variants detected using malignant tissue samples. Further studies are
ongoing to improve the sensitivity of these assays, such as deeper sequencing using a different panel
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to increase the sensitivity of the assays in cfDNA from blood. Prospective studies are necessary in
order to distinguish germline and somatic variants in IBC.
4. Materials and Methods
4.1. Patient Cohort
The samples used in this study were collected from 19 IBC patients who were treated at Fox Chase
Cancer Center (FCCC) between 2010–2012. This study was approved by both the research review
committee (RRC) and the institutional review board at FCCC (IRB 10-826 approved on 24/08/2010).
Patients signed an informed consent and HIPAA certification from the Human Subject Protection
Committee prior to sample collection. Retrospective chart reviews were performed to assess age at
diagnosis, hormone receptor subtype, treatments, disease progression, and family history of cancers
(Supplementary Data and Table S1). Overall survival (OS) was calculated from the day of diagnosis to
the day of last follow-up or death.
4.2. Sample Collection
Cells from malignant pleural effusions were centrifuged at 1000× g for 10 min to create a cell pellet.
The pellets were then suspended in 0.2% NaCl and an equal volume of 1.6% NaCl was added to induce
red blood cell (RBC) hemolysis. This mixture was centrifuged again at 1000× g for 10 min, and the
hemolysis step was repeated to remove all the remaining RBCs. Finally, the cell pellets were washed
with phosphate-buffered saline and the cell pellets were preserved in optimal cutting temperature
compound (OCT) at −80 ◦ C. Some tumor tissue biopsies were preserved in OCT at −80 ◦ C, while
formalin fixed paraffin embedded (FFPE) blocks were prepared for others. For serum samples, blood
was allowed to clot for 30–60 min and centrifuged at 2000× g for 20 min, after which sera was then
separated. To isolate plasma, blood was placed into ethylene diamine tetra-acetic acid (EDTA) tubes
and centrifuged for 15 min at 2000× g, and plasma was then separated. Blood samples were processed
within an hour from the time of collection.
4.3. DNA Isolation
For the plasma and serum samples, the maximum volume available (3–6 mL) was used to isolate
cell free DNA (cfDNA). Samples were centrifuged at 16,000× g for 10 min and the QIAamp MinElute
ccfDNA Midi kit (Qiagen, Redwood City, CA, USA) was used for cfDNA isolation. Genomic DNA
was isolated from either the OCT-preserved or from formalin fixed paraffin embedded (FFPE) blocks
from tumor cells and tissues. Two 10 µm unstained sections were cut from FFPE blocks and used for
DNA isolation. Genomic DNA from the frozen samples was isolated using the QIAamp DNA micro
kit (Qiagen, Redwood City, CA, USA), and the QIAamp DNA FFPE tissue kits (Qiagen, Redwood City,
CA, USA) were used for FFPE sections. The isolated DNA samples were quantified using a Qubit
fluorometer (Thermos Fisher, Waltham, Massachusetts, USA) and then used to prepare libraries for
targeted next generation sequencing.
4.4. Library Preparation
Libraries were prepared using the QIAseq Targeted DNA Panel, Human Breast Cancer Panel
(DHS-001Z, Qiagen), and the QIAseq 12-index (48) (Qiagen, Redwood City, CA, USA). The DHS-001Z
breast cancer panel covers 93 breast cancer relevant genes (Table S2) and contains 4831 primers. It is
able to detect both SNVs and small indels; copy number variants were not studied. A total of 10–100 ng
of cfDNA from plasma or serum (the maximum available; Table S6), 50 ng of DNA from tissue biopsies
or cells from OCT-preserved malignant effusions, and 40–250 ng of DNA from FFPE tissue were used
for NGS-library preparation. As control, 50 ng of circulating tumor DNA (ctDNA) reference material
v2 of AF 2% (Cat# 0710-0203, SeraCare, Milford, MA, USA) was used to prepare control libraries.
Wild-type Seraseq ctDNA Reference Material v2 WT (Cat # 0710-0208, SeraCare, Milford, MA, USA)
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was used to prepare the allele fraction dilutions of 1%, 0.5%, and 0.25% from the 2% ctDNA reference
material. These ctDNA controls were run in order to establish the ability to detect the reference variants
and to determine the lower limit of detection of our assays.
4.5. Next Generation Sequencing and Data Analysis
Library preparation included sequence barcodes to discriminate samples and unique molecular
indices to identify polymerase chain reaction (PCR) duplication. Four libraries were pooled together
per flow cell and sequenced using Illumina MiniSeq with high-output kits (Illumina, San Diego, CA,
US) producing an average of 5,389,641 total reads per sample and 781 paired-end reads per targeted
region (Table S6). The data were analyzed using Qiagen GeneGlobe bioinformatics tools. Variants were
filtered out if the within-sample allele frequency was less than 2% for tissue samples and less than 1.5%
for blood cfDNA, or if fewer than ten reads were observed for the variant. Regions sequenced with
fewer than 230 total reads were not considered for variant detection. Synonymous coding variants were
filtered out and only exonic and/or splicing variants were retained (this excluded intronic events, but
also events labeled intergenic, associated with 30 or 50 UTR, etc.) (Table S3). In Table S3, false positives
were considered variants with AF > 0 in at least 18 of the 45 samples, including controls, which show
low average AF across samples (< 0.2) and standard deviation < 0.04. Allele fraction for a specific
variant can be defined as the as the number of times that variant is observed divided by the total number
of reads of that region after sequencing. Allele fraction (AF) is distinct from allelic frequency, which
describes the frequency of an allele in a population. Control samples such as leukocytes, fibroblasts, or
normal tissue samples were not available to perform validation of germline variants.
4.6. Variant Classification
Qiagen Clinical Insight Interpret (QCI Interpret; Qiagen, Redwood City, CA, USA) was used to
annotate variants. QCI Interpret evaluates variants by matching to a database of published supporting
evidence and returns classifications using consensus guidelines for variants predicted to be pathogenic
or likely pathogenic, benign or likely benign, or of uncertain significance [19,55]. It also classifies
variants according to its clinical actionability; clinical actionability subcategories are provided based on
levels of evidence according to the guidelines [19,55]. Tier 1 indicates strong clinical significance, with
level A variants to predict response or resistance to therapies approved by the FDA for specific types
of tumors (here breast cancer), and level B variants predicted to affect therapy based on well-powered
studies or smaller studies that are confirmed or reproduced by different groups [19,55]. Tier 2
indicates potential clinical significance, and includes level C which indicates evidence of an effect on
FDA-approved therapies for different tumor types or investigational therapies (2C: off-label treatments),
while Tier 2D variants are supported by evidence from preclinical trials or a few case reports [19,55].
4.7. Concordance of Genetic Variants in Tissue and Paired cfDNA from Plasma/Serum
The time of collection of blood matched to the time of collection of the tissue in 15 patients:
Patient 1 (T77549), Patient 2 (C65525), Patient 3 (L67523), Patient 4 (I74311), Patient 5 (K75070), Patient
6(B79071), Patient 7 (S80274), Patient 8 (K93878), Patient 9 (D89802), Patient 10 (M71182), Patient
11 (M85099), Patient 12 (P73793), Patient 13 (B68225), Patient 14 (B78899), and Patient 15 (B62630).
To study concordance of variants between tissue and paired cfDNA from peripheral blood (plasma or
serum), variants data from these 15 patients were extracted from Table S3. Germline variants observed
in the overall population with an allele frequency of 2.5% or greater in the Genome Aggregation
Database (gnomAD) [22] were excluded from the data. Once variants of interest were identified
(Table S4), concordance between tissue and paired cfDNA was calculated. Concordance was defined
as detecting an identical sequencing variant in tissue and paired cfDNA from blood; variants of
uncertain significance, and those pathogenic, likely pathogenic, benign, and likely benign were used for
concordance calculations and synonymous DNA alterations were excluded. Sensitivity and positive
predictive value (PPV) were calculated.
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4.8. Statistical Considerations
Standard descriptive statistics were used to characterize the study population with respect to
demographic, clinical, pathologic, and biomarker data. The level of concordance between variants
detected in malignant tissue and blood cfDNA was evaluated by computing (1) the proportion of
variants observed in the malignant tissue/cells that were also detected in patient’s matched blood
cfDNA sample, and (2) the proportion of variants detected in blood cfDNA that were also observed in
the matched tissue sample. The proportion of variants identified in blood cfDNA that were not present
in the paired malignant tissue or cells from pleural effusions was also estimated. The median overall
survival (OS) time for patients with, and without triple negative IBC was estimated using the methods
of Kaplan and Meier.
4.9. Data Availability
The datasets generated during and/or analyzed during the current study are available from the
corresponding author on reasonable request.
Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/4/
1290/s1. Supplementary Data—Patient clinical history; Figure S1—Kaplan-Meier survival curves in IBC; Table
S1—Patient demographics and survival; Table S2—Breast cancer panel DHS-001Z; Table S3—Genetic variants in
all the samples of the 19 IBC patients; Table S4—Genetic variants in 15 patients with matched blood cfDNA and
tissue samples collected at the same time point; Table S5—Number of variants in tissue and cfDNA in patients
in which both samples were collected at the same time point; TableS 6—Quantity of cfDNA used to prepared
libraries and total number of reads for each sample.
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Abbreviations
ACD
AF
AR
BC
cfDNA
ctDNA
CH
CI
CSF
CTCs
EDTA
ER
FFPE
Her2 (or ErbB2)
IBC
MMR
NGS

acid citrate dextrose
allele fraction
androgen receptor
breast cancer
cell-free DNA
cell-tumor DNA
clonal hematopoiesis
confidence interval
cerebrospinal fluid
circulating tumor cells
ethylene-diamine-tetra-acetic acid
estrogen receptor
formalin fixed paraffin embedded
human epidermal growth factor receptor-2
inflammatory breast cancer
mismatch repair
next generation sequencing
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TN
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optimal cutting temperature compound
odds ratios
overall survival
progesterone receptor
red blood cells
single nucleotide variants
triple negative
variant call format

References
1.
2.

3.
4.
5.
6.

7.

8.

9.
10.

11.

12.

13.

14.

15.

Levine, P.H.; Steinhorn, S.C.; Ries, L.G.; Aron, J.L. Inflammatory breast cancer: The experience of the
surveillance, epidemiology, and end results (SEER) program. J. Natl. Cancer Inst. 1985, 74, 291–297.
Hance, K.W.; Anderson, W.F.; Devesa, S.S.; Young, H.A.; Levine, P.H. Trends in inflammatory breast carcinoma
incidence and survival: The surveillance, epidemiology, and end results program at the National Cancer
Institute. J. Natl. Cancer Inst. 2005, 97, 966–975. [CrossRef] [PubMed]
Anderson, W.F.; Schairer, C.; Chen, B.E.; Hance, K.W.; Levine, P.H. Epidemiology of inflammatory breast
cancer (IBC). Breast Dis. 2005, 22, 9–23. [CrossRef] [PubMed]
Woodward, W.A.; Cristofanilli, M. Inflammatory breast cancer. Semin. Radiat. Oncol. 2009, 19, 256–265.
[CrossRef] [PubMed]
Rowan, K. Inflammatory breast cancer: New hopes and many hurdles. J. Natl. Cancer Inst. 2009,
101, 1302–1304. [CrossRef] [PubMed]
Robertson, F.M.; Bondy, M.; Yang, W.; Yamauchi, H.; Wiggins, S.; Kamrudin, S.; Krishnamurthy, S.;
Le-Petross, H.; Bidaut, L.; Player, A.N.; et al. Inflammatory breast cancer: The disease, the biology, the
treatment. CA Cancer J. Clin. 2010, 60, 351–375. [CrossRef]
Fouad, T.M.; Barrera, A.M.G.; Reuben, J.M.; Lucci, A.; Woodward, W.A.; Stauder, M.C.; Lim, B.; DeSnyder, S.M.;
Arun, B.; Gildy, B.; et al. Inflammatory breast cancer: A proposed conceptual shift in the UICC-AJCC TNM
staging system. Lancet Oncol. 2017, 18, e228–e232. [CrossRef]
Fouad, T.M.; Kogawa, T.; Liu, D.D.; Shen, Y.; Masuda, H.; El-Zein, R.; Woodward, W.A.;
Chavez-MacGregor, M.; Alvarez, R.H.; Arun, B.; et al. Overall survival differences between patients
with inflammatory and noninflammatory breast cancer presenting with distant metastasis at diagnosis.
Breast Cancer Res. Treat. 2015, 152, 407–416. [CrossRef]
Cakar, B.; Surmeli, Z.; Oner, P.G.; Yelim, E.S.; Karabulut, B.; Uslu, R. The Impact of Subtype Distribution in
Inflammatory Breast Cancer Outcome. Eur. J. Breast Health 2018, 14, 211–217. [CrossRef]
Kertmen, N.; Babacan, T.; Keskin, O.; Solak, M.; Sarici, F.; Akin, S.; Arik, Z.; Aslan, A.; Ates, O.; Aksoy, S.;
et al. Molecular subtypes in patients with inflammatory breast cancer; a single center experience. J. BUON
Off. J. Balk. Union Oncol. 2015, 20, 35–39.
Plevritis, S.K.; Munoz, D.; Kurian, A.W.; Stout, N.K.; Alagoz, O.; Near, A.M.; Lee, S.J.; van den Broek, J.J.;
Huang, X.; Schechter, C.B.; et al. Association of Screening and Treatment With Breast Cancer Mortality by
Molecular Subtype in US Women, 2000–2012. JAMA 2018, 319, 154–164. [CrossRef] [PubMed]
De Mattos-Arruda, L.; Weigelt, B.; Cortes, J.; Won, H.H.; Ng, C.K.; Nuciforo, P.; Bidard, F.C.; Aura, C.;
Saura, C.; Peg, V.; et al. Capturing intra-tumor genetic heterogeneity by de novo mutation profiling of
circulating cell-free tumor DNA: A proof-of-principle. Ann. Oncol. 2014, 25, 1729–1735. [CrossRef] [PubMed]
Jamal-Hanjani, M.; Wilson, G.A.; Horswell, S.; Mitter, R.; Sakarya, O.; Constantin, T.; Salari, R.; Kirkizlar, E.;
Sigurjonsson, S.; Pelham, R.; et al. Detection of ubiquitous and heterogeneous mutations in cell-free DNA
from patients with early-stage non-small-cell lung cancer. Ann. Oncol. 2016, 27, 862–867. [CrossRef]
[PubMed]
Murtaza, M.; Dawson, S.J.; Pogrebniak, K.; Rueda, O.M.; Provenzano, E.; Grant, J.; Chin, S.F.; Tsui, D.W.Y.;
Marass, F.; Gale, D.; et al. Multifocal clonal evolution characterized using circulating tumour DNA in a case
of metastatic breast cancer. Nat. Commun. 2015, 6, 8760. [CrossRef]
Kuo, Y.B.; Chen, J.S.; Fan, C.W.; Li, Y.S.; Chan, E.C. Comparison of KRAS mutation analysis of primary
tumors and matched circulating cell-free DNA in plasmas of patients with colorectal cancer. Clin. Chim. Acta
2014, 433, 284–289. [CrossRef]

Int. J. Mol. Sci. 2020, 21, 1290

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.
29.

30.

31.

32.

14 of 16

Duffy, M.J. Serum tumor markers in breast cancer: Are they of clinical value? Clin. Chem. 2006, 52, 345–351.
[CrossRef]
De Mattos-Arruda, L.; Mayor, R.; Ng, C.K.Y.; Weigelt, B.; Martinez-Ricarte, F.; Torrejon, D.; Oliveira, M.;
Arias, A.; Raventos, C.; Tang, J.; et al. Cerebrospinal fluid-derived circulating tumour DNA better represents
the genomic alterations of brain tumours than plasma. Nat. Commun. 2015, 6, 8839. [CrossRef]
Dawson, S.J.; Tsui, D.W.; Murtaza, M.; Biggs, H.; Rueda, O.M.; Chin, S.F.; Dunning, M.J.; Gale, D.; Forshew, T.;
Mahler-Araujo, B.; et al. Analysis of circulating tumor DNA to monitor metastatic breast cancer. N. Engl. J.
Med. 2013, 368, 1199–1209. [CrossRef]
Li, M.M.; Datto, M.; Duncavage, E.J.; Kulkarni, S.; Lindeman, N.I.; Roy, S.; Tsimberidou, A.M.;
Vnencak-Jones, C.L.; Wolff, D.J.; Younes, A.; et al. Standards and Guidelines for the Interpretation
and Reporting of Sequence Variants in Cancer: A Joint Consensus Recommendation of the Association for
Molecular Pathology, American Society of Clinical Oncology, and College of American Pathologists. J. Mol.
Diagn. 2017, 19, 4–23. [CrossRef]
Robson, M.; Im, S.A.; Senkus, E.; Xu, B.; Domchek, S.M.; Masuda, N.; Delaloge, S.; Li, W.; Tung, N.;
Armstrong, A.; et al. Olaparib for Metastatic Breast Cancer in Patients with a Germline BRCA Mutation.
N. Engl. J. Med. 2017, 377, 523–533. [CrossRef]
Litton, J.K.; Rugo, H.S.; Ettl, J.; Hurvitz, S.A.; Goncalves, A.; Lee, K.H.; Fehrenbacher, L.; Yerushalmi, R.;
Mina, L.A.; Martin, M.; et al. Talazoparib in Patients with Advanced Breast Cancer and a Germline BRCA
Mutation. N. Engl. J. Med. 2018, 379, 753–763. [CrossRef] [PubMed]
Lek, M.; Karczewski, K.J.; Minikel, E.V.; Samocha, K.E.; Banks, E.; Fennell, T.; O’Donnell-Luria, A.H.;
Ware, J.S.; Hill, A.J.; Cummings, B.B.; et al. Analysis of protein-coding genetic variation in 60,706 humans.
Nature 2016, 536, 285–291. [CrossRef] [PubMed]
Thompson, J.C.; Yee, S.S.; Troxel, A.B.; Savitch, S.L.; Fan, R.; Balli, D.; Lieberman, D.B.; Morrissette, J.D.;
Evans, T.L.; Bauml, J.; et al. Detection of Therapeutically Targetable Driver and Resistance Mutations in
Lung Cancer Patients by Next-Generation Sequencing of Cell-Free Circulating Tumor DNA. Clin. Cancer Res.
2016, 22, 5772–5782. [CrossRef] [PubMed]
Beije, N.; Helmijr, J.C.; Weerts, M.J.A.; Beaufort, C.M.; Wiggin, M.; Marziali, A.; Verhoef, C.; Sleijfer, S.;
Jansen, M.; Martens, J.W.M. Somatic mutation detection using various targeted detection assays in paired
samples of circulating tumor DNA, primary tumor and metastases from patients undergoing resection of
colorectal liver metastases. Mol. Oncol. 2016, 10, 1575–1584. [CrossRef]
Chae, Y.K.; Davis, A.A.; Jain, S.; Santa-Maria, C.; Flaum, L.; Beaubier, N.; Platanias, L.C.; Gradishar, W.;
Giles, F.J.; Cristofanilli, M. Concordance of Genomic Alterations by Next-Generation Sequencing in Tumor
Tissue versus Circulating Tumor DNA in Breast Cancer. Mol. Cancer Ther. 2017, 16, 1412–1420. [CrossRef]
Kuderer, N.M.; Burton, K.A.; Blau, S.; Rose, A.L.; Parker, S.; Lyman, G.H.; Blau, C.A. Comparison of 2
Commercially Available Next-Generation Sequencing Platforms in Oncology. JAMA Oncol. 2017, 3, 996–998.
[CrossRef]
Misale, S.; Di Nicolantonio, F.; Sartore-Bianchi, A.; Siena, S.; Bardelli, A. Resistance to anti-EGFR therapy in
colorectal cancer: From heterogeneity to convergent evolution. Cancer Discov. 2014, 4, 1269–1280. [CrossRef]
Haber, D.A.; Velculescu, V.E. Blood-based analyses of cancer: Circulating tumor cells and circulating tumor
DNA. Cancer Discov. 2014, 4, 650–661. [CrossRef]
Jahr, S.; Hentze, H.; Englisch, S.; Hardt, D.; Fackelmayer, F.O.; Hesch, R.D.; Knippers, R. DNA fragments in
the blood plasma of cancer patients: Quantitations and evidence for their origin from apoptotic and necrotic
cells. Cancer Res. 2001, 61, 1659–1665.
Thakur, B.K.; Zhang, H.; Becker, A.; Matei, I.; Huang, Y.; Costa-Silva, B.; Zheng, Y.; Hoshino, A.; Brazier, H.;
Xiang, J.; et al. Double-stranded DNA in exosomes: A novel biomarker in cancer detection. Cell Res. 2014,
24, 766–769. [CrossRef]
Birkenkamp-Demtroder, K.; Nordentoft, I.; Christensen, E.; Hoyer, S.; Reinert, T.; Vang, S.; Borre, M.;
Agerbaek, M.; Jensen, J.B.; Orntoft, T.F.; et al. Genomic Alterations in Liquid Biopsies from Patients with
Bladder Cancer. Eur. Urol. 2016, 70, 75–82. [CrossRef] [PubMed]
Togneri, F.S.; Ward, D.G.; Foster, J.M.; Devall, A.J.; Wojtowicz, P.; Alyas, S.; Vasques, F.R.; Oumie, A.;
James, N.D.; Cheng, K.K.; et al. Genomic complexity of urothelial bladder cancer revealed in urinary cfDNA.
Eur. J. Hum. Genet. 2016, 24, 1167–1174. [CrossRef] [PubMed]

Int. J. Mol. Sci. 2020, 21, 1290

33.
34.

35.

36.

37.

38.

39.
40.
41.
42.

43.

44.

45.

46.

47.

48.
49.
50.

51.

15 of 16

Peng, M.; Chen, C.; Hulbert, A.; Brock, M.V.; Yu, F. Non-blood circulating tumor DNA detection in cancer.
Oncotarget 2017, 8, 69162–69173. [CrossRef] [PubMed]
Bettegowda, C.; Sausen, M.; Leary, R.J.; Kinde, I.; Wang, Y.; Agrawal, N.; Bartlett, B.R.; Wang, H.; Luber, B.;
Alani, R.M.; et al. Detection of circulating tumor DNA in early- and late-stage human malignancies. Sci.
Transl. Med. 2014, 6, 224ra24. [CrossRef]
Pentsova, E.I.; Shah, R.H.; Tang, J.; Boire, A.; You, D.; Briggs, S.; Omuro, A.; Lin, X.; Fleisher, M.;
Grommes, C.; et al. Evaluating Cancer of the Central Nervous System Through Next-Generation Sequencing
of Cerebrospinal Fluid. J. Clin. Oncol. 2016, 34, 2404–2415. [CrossRef]
Bertucci, F.; Rypens, C.; Finetti, P.; Guille, A.; Adelaide, J.; Monneur, A.; Carbuccia, N.; Garnier, S.; Dirix, P.;
Goncalves, A.; et al. NOTCH and DNA repair pathways are more frequently targeted by genomic alterations
in inflammatory than in non-inflammatory breast cancers. Mol. Oncol. 2019. [CrossRef]
Liang, X.; Vacher, S.; Boulai, A.; Bernard, V.; Baulande, S.; Bohec, M.; Bieche, I.; Lerebours, F.; Callens, C.
Targeted next-generation sequencing identifies clinically relevant somatic mutations in a large cohort of
inflammatory breast cancer. Breast Cancer Res. 2018, 20, 88. [CrossRef]
Matsuda, N.; Lim, B.; Wang, Y.; Krishnamurthy, S.; Woodward, W.; Alvarez, R.H.; Lucci, A.; Valero, V.;
Reuben, J.M.; Meric-Bernstam, F.; et al. Identification of frequent somatic mutations in inflammatory breast
cancer. Breast Cancer Res. Treat. 2017, 163, 263–272. [CrossRef]
Giovannelli, P.; Di Donato, M.; Galasso, G.; Di Zazzo, E.; Bilancio, A.; Migliaccio, A. The Androgen Receptor
in Breast Cancer. Front. Endocrinol. 2018, 9, 492. [CrossRef]
Rakha, E.A.; El-Sayed, M.E.; Green, A.R.; Lee, A.H.; Robertson, J.F.; Ellis, I.O. Prognostic markers in
triple-negative breast cancer. Cancer 2007, 109, 25–32. [CrossRef]
Gong, Y.; Wei, W.; Wu, Y.; Ueno, N.T.; Huo, L. Expression of androgen receptor in inflammatory breast cancer
and its clinical relevance. Cancer 2014, 120, 1775–1779. [CrossRef] [PubMed]
Goh, G.; Schmid, R.; Guiver, K.; Arpornwirat, W.; Chitapanarux, I.; Ganju, V.; Im, S.A.; Kim, S.B.;
Dechaphunkul, A.; Maneechavakajorn, J.; et al. Clonal Evolutionary Analysis during HER2 Blockade
in HER2-Positive Inflammatory Breast Cancer: A Phase II Open-Label Clinical Trial of Afatinib +/−
Vinorelbine. PLoS Med. 2016, 13, e1002136. [CrossRef] [PubMed]
Hamm, C.A.; Moran, D.; Rao, K.; Trusk, P.B.; Pry, K.; Sausen, M.; Jones, S.; Velculescu, V.E.; Cristofanilli, M.;
Bacus, S. Genomic and Immunological Tumor Profiling Identifies Targetable Pathways and Extensive
CD8+/PDL1+ Immune Infiltration in Inflammatory Breast Cancer Tumors. Mol. Cancer Ther. 2016,
15, 1746–1756. [CrossRef]
Ross, J.S.; Ali, S.M.; Wang, K.; Khaira, D.; Palma, N.A.; Chmielecki, J.; Palmer, G.A.; Morosini, D.; Elvin, J.A.;
Fernandez, S.V.; et al. Comprehensive genomic profiling of inflammatory breast cancer cases reveals a high
frequency of clinically relevant genomic alterations. Breast Cancer Res. Treat. 2015, 154, 155–162. [CrossRef]
Dawood, S.; Merajver, S.D.; Viens, P.; Vermeulen, P.B.; Swain, S.M.; Buchholz, T.A.; Dirix, L.Y.; Levine, P.H.;
Lucci, A.; Krishnamurthy, S.; et al. International expert panel on inflammatory breast cancer: Consensus
statement for standardized diagnosis and treatment. Ann. Oncol. 2011, 22, 515–523. [CrossRef]
Rana, H.Q.; Sacca, R.; Drogan, C.; Gutierrez, S.; Schlosnagle, E.; Regan, M.M.; Speare, V.; LaDuca, H.;
Dolinsky, J.; Garber, J.E.; et al. Prevalence of germline variants in inflammatory breast cancer. Cancer 2019,
125, 2194–2202. [CrossRef]
Daly, M.B.; Pilarski, R.; Axilbund, J.E.; Berry, M.; Buys, S.S.; Crawford, B.; Farmer, M.; Friedman, S.;
Garber, J.E.; Khan, S.; et al. Genetic/Familial High-Risk Assessment: Breast and Ovarian, Version 2.2015. J.
Natl. Compr. Cancer Netw. 2016, 14, 153–162. [CrossRef]
Li, M.; Yu, X. Function of BRCA1 in the DNA damage response is mediated by ADP-ribosylation. Cancer Cell
2013, 23, 693–704. [CrossRef]
Ishitobi, M.; Miyoshi, Y.; Hasegawa, S.; Egawa, C.; Tamaki, Y.; Monden, M.; Noguchi, S. Mutational analysis
of BARD1 in familial breast cancer patients in Japan. Cancer Lett. 2003, 200, 1–7. [CrossRef]
Vahteristo, P.; Syrjakoski, K.; Heikkinen, T.; Eerola, H.; Aittomaki, K.; von Smitten, K.; Holli, K.; Blomqvist, C.;
Kallioniemi, O.P.; Nevanlinna, H. BARD1 variants Cys557Ser and Val507Met in breast cancer predisposition.
Eur. J. Hum. Genet. 2006, 14, 167–172. [CrossRef]
Nguyen, L.B.; Diskin, S.J.; Capasso, M.; Wang, K.; Diamond, M.A.; Glessner, J.; Kim, C.; Attiyeh, E.F.;
Mosse, Y.P.; Cole, K.; et al. Phenotype restricted genome-wide association study using a gene-centric

Int. J. Mol. Sci. 2020, 21, 1290

52.

53.

54.

55.

16 of 16

approach identifies three low-risk neuroblastoma susceptibility Loci. PLoS Genet. 2011, 7, e1002026.
[CrossRef] [PubMed]
Capasso, M.; Devoto, M.; Hou, C.; Asgharzadeh, S.; Glessner, J.T.; Attiyeh, E.F.; Mosse, Y.P.; Kim, C.; Diskin, S.J.;
Cole, K.A.; et al. Common variations in BARD1 influence susceptibility to high-risk neuroblastoma. Nat. Genet.
2009, 41, 718–723. [CrossRef] [PubMed]
Hu, Y.; Ulrich, B.C.; Supplee, J.; Kuang, Y.; Lizotte, P.H.; Feeney, N.B.; Guibert, N.M.; Awad, M.M.; Wong, K.K.;
Janne, P.A.; et al. False-Positive Plasma Genotyping Due to Clonal Hematopoiesis. Clin. Cancer Res. 2018, 24,
4437–4443. [CrossRef] [PubMed]
Weitzel, J.N.; Chao, E.C.; Nehoray, B.; Van Tongeren, L.R.; LaDuca, H.; Blazer, K.R.; Slavin, T.; Facmg, D.;
Pesaran, T.; Rybak, C.; et al. Somatic TP53 variants frequently confound germ-line testing results. Genet. Med.
2018, 20, 809–816. [CrossRef]
Richards, S.; Aziz, N.; Bale, S.; Bick, D.; Das, S.; Gastier-Foster, J.; Grody, W.W.; Hegde, M.; Lyon, E.; Spector, E.;
et al. Standards and guidelines for the interpretation of sequence variants: A joint consensus recommendation
of the American College of Medical Genetics and Genomics and the Association for Molecular Pathology.
Genet. Med. 2015, 17, 405–424. [CrossRef] [PubMed]
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

