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and might be affected by tumour heterogeneity rendering it incapable to portray the complete molecular pic-
ture. Liquid biopsy permits to study disease features in a more comprehensive manner by sampling biofluids

and extracting tumour components such as circulating-tumour DNA (ctDNA), circulating-tumour cells (CTCs),
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and/or circulating-tumour RNA (ctRNA) amongst others in a monitoring-compatible manner. In this review,
we describe the recent progress in the utilization of the circulating tumour components using early breast
cancer samples. We review the most important analytes and technologies employed for their study.

© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Liquid biopsy and breast cancer

Solid biopsies are the current standard-of-care in clinical cancer
management with an unquestionable utility in the oncologic field.
They provide information about tumour histology, standard bio-
markers for subtyping and treatment planning and molecular profiles
for predictive and prognostic signatures with optimal cost-effective-
ness ratio. Nevertheless, they inherently show several limitations. On
one hand, tumour primary and/or metastatic tissue is not always
accessible and processing turnaround times are often tedious. On the
other hand, the tumour molecular and genetic information is limited
to the biopsy area, possibly misleading the interpretation due to the
tumour heterogeneity. On top of that, solid biopsies are incompatible
with longitudinal monitoring and require an invasive procedure that
may be painful and potentially risky to the patient [1]. Therefore,
novel approaches to complement the above-mentioned caveats had
to be further explored (Fig. 1).

The history of liquid biopsy started in 1869, when the existence of
circulating tumour cells (CTCs) was first observed in metastatic can-
cer patients [2]. Later on in 1948, circulating nucleic acids were
detected and quantified in blood [3] followed by the demonstration
of the existence of cell-free DNA (cfDNA) in lupus patients in 1960
[4]. In oncology, the presence of cfDNA was noted towards the

* Corresponding authors.
E-mail addresses: ealbac@uma.es (E. Alba), inaki.comino@ibima.eu
(I. Comino-Méndez).

https://doi.org/10.1016/j.ebiom.2020.103100

beginning the 80 s [5,6]. Since then, research using cfDNA had been on
the rise firstly culminating in the identification of specific mutations in
cfDNA in 1994 [7]. Nowadays, liquid biopsy permits the collection and
study of multitude of circulating components released into the blood-
stream by necrosis, apoptosis or actively by tumour cells [8]. These
components, termed tumour circulome, can be divided into ctDNA,
CTCs, circulating cell-free RNA (cfRNA), tumour-educated platelets
(TEPs), extracellular vesicles (EVs) and a wide spectrum of proteins
and metabolites amongst others [9] (Fig. 1).

Breast cancer is the most common neoplasm affecting women
worldwide accounting for 23% of total oncologic diagnoses and 14%
of cancer-related deaths [10]. Around 95% of breast cancer patients
are detected in early stage without macroscopic evidence of metasta-
ses using existing screening techniques [11]. Despite the lack of evi-
dences for a distant relapse, approximately 20% of patients will recur
over the disease course with incurable frank-metastatic disease,
suggesting a non-detectable tumour spread could already be at play
from diagnosis [12]. In this regard, liquid biopsy combined with
highly sensitive molecular technologies and advance bioinformatics
protocols can substantially help to improve diagnosis and monitoring
at this stage. These methods allow to obtain detailed tumour molecu-
lar information in a non-invasive manner. The potential of tumour
circulome has been demonstrated in numerous studies, not only to
diagnose breast cancer but also in treatment response monitoring
during adjuvant and neoadjuvant therapies, minimal residual disease
(MRD) identification and early relapse detection in localized and
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Tissue biopsy

Invasive *

Longer time procedure *

Higher cost for sample obtention ®
Molecular information limited to
constraint areas *

Not compatible with tumour monitoring
during surveillance/treatment *

Liquid biopsy

* Minimal Invasive

* Shorter time procedure

* Lower cost for sample obtention

* More complete tumour molecular
information

« Compatible with tumour monitoring
during surveillance/treatment

Fig. 1. Diagram summarizing the main components in blood liquid biopsies as well as the advantages over the conventional ones.
Abbreviations: FFPE, Formalin-Fixed Paraffin-Embedded; cfDNA, circulating-free DNA; CTCs, circulating-tumour cells; miRNA, microRNA; TEPs, tumour-educated blood plate-

lets; EVs, extracellular vesicles.

locally advance breast cancer. The so-far published studies address-
ing these questions mainly employed ctDNA and CTCs detection,
oftentimes underscoring the ultra-low presence of these components
in bodily fluids. This is especially notable for MRD detection as well
as during and after neoadjuvant treatments, where multitude of
ultra-sensitive technologies are under development to overcome this
challenge.

In this review, we describe the most noteworthy research results
highlighting the most commonly studied circulating tumour compo-
nents in the early breast cancer setting.

2. Circulating-tumour DNA in early breast cancer

cfDNA refers to the bulk fragmented DNA released into the blood-
stream by all cells of human body whereas circulating-tumour DNA
(ctDNA) represents only the part of cfDNA that originates exclusively
from the tumour tissue [13]. ctDNA can be released into the blood-
stream mostly by apoptosis but also by necrosis or actively by tumour
cells [14]. As a consequence of its apoptotic caspase-dependant cleav-
age origin, ctDNA is generally around 166 bp long [13]. The ctDNA
fraction fluctuates according to the stage and cancer type. In patients
with advanced or metastatic tumours, the ctDNA fraction represents
up to 10%, in contrast to ~1% in the case of non-metastatic advanced
cancer patients and <0e1% in patients with early localized tumours
[15]. Consequently, ctDNA detection in early cancer stages is the

most challenging and requires ultra-sensitive technologies. In this
setting, ctDNA is undetectable in 90% of patients undertaking neoadju-
vant therapy (NAT), which further decreases ctDNA levels [15], and no
correlation exists between ctDNA detection and complete pathological
response (pCR) [16]. On top of that, MRD is hardly measurable after
surgery using current technologies.

Nevertheless, ctDNA-derived information has already served to
detect cancer in its early stages [17-19], to monitor treatment response
[20], therapeutic resistance [21], MRD after primary treatments, and/or
risk-of-relapse (ROR) determination [22,23]. ctDNA is generally ana-
lysed either by digital-droplet PCR (ddPCR) or by next generation
sequencing (NGS)-based procedures. ddPCR is currently the gold-stan-
dard for ctDNA assessment due to its excellent sensitivity, simplicity,
and an interesting price/sample ratio. It allows longitudinal tracking of
somatic mutations and a highly precise calculation of the total number
of ctDNA molecules in a given sample. This technology was instrumen-
tal in a crucial study published by Garcia-Murillas et al. [24], where the
ddPCR system was used to detect MRD and predict the risk of relapse
in breast cancer patients treated with NAT. The authors tracked muta-
tions previously characterized in the primary tumour to detect ctDNA
in post-surgery and in longitudinal follow-up plasma samples. They
observed a strong positive correlation between ctDNA detection and
future relapse. Importantly, they calculated a lead time of 79 months
from ctDNA detection over clinical relapse. They also characterized the
mutational profiles of ctDNA in the follow-up plasma samples to
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decipher the genetics of the therapy-resistant tumour clones using
massive-parallel sequencing (MPS). Additionally, expanding the study
set in a more recent paper the authors corroborated the high capacity
of the methodology to monitor early breast cancer disease with an
improved lead time of ctDNA detection over clinical relapse of 1007
months [25]. In a different study developed by Rothé et al. [26] ddPCR
was also employed in the neoadjuvant setting. Therein, the authors
showed the feasibility of using ctDNA as biomarker for tumour
response to NAT.

Another PCR-based technology is the so-called BEAMing, which
combines magnetic beads, amplification steps and microfluidics to
identify and quantify somatic mutations in biofluids. The most impor-
tant study using this platform was published by Bettegowda et al.
[27], where they investigated the technology capacity to detect
ctDNA in early and advance cancers. Importantly, they included local-
ized breast tumours where they detected ctDNA in a modest 50% of
the total breast cancer cases.

On the other hand, the NGS-based approaches additionally permit
the description of the cancer mutational profiles. They can be based
on fixed panels composed of genes involved in cancer development
and/or on patient-specific panels. With respect to fixed panels, it is
important to mention the development of the so-called cancer per-
sonalized profiling by deep sequencing (CAPP-Seq). This is an ultra-
sensitive method for quantifying ctDNA using the most common
genetic alterations of a given cancer and complex wet-lab methodol-
ogies together with customized bioinformatic analyses to build up a
high sensitive ctDNA detection strategy [28]. Another example of
fixed panels, which additionally incorporates current breast cancer
surveillance procedures, was published by Zhang et al. [29]. In detail,
the authors developed a novel methodology to detect ctDNA, design-
ing a panel based on COSMIC data covering 136 genes, which was
integrated with the Breast Imaging Reporting and Data System classi-
fication (BI-RADS). The predictive value of this combination increased
up to 92% and ctDNA detection also served as a predictor of worse
prognosis. These results indicate that the combination of ctDNA
detection with current imaging techniques might be used to avoid
post-surgery overtreatment. In another study, the utilization of fixed
panels permitted the development of a novel technology called Tar-
geted Error Correction Sequencing (TEC-Seq) to early detect different
cancer types, including breast cancer, using MPS [18]. Therein, 55
commonly mutated driver genes were analysed using an amplicon-
based technology. Unexpectedly, the ctDNA detection rate was 67%
in stage I breast cancer, while this percentage decreased in stage II
and III to 59% and 46%, respectively. These surprising results were
probably caused by the low number of patients included in the study.
In a recent study, Jimenez-Rodriguez et al. [30] compared the muta-
tional profiles of solid tumours and plasma samples from early breast
cancer patients using the amplicon-based SafeSEQ (Sysmex Inostics)
technology and a fixed-gene panel for plasma sequencing. Interest-
ingly, the authors observed that plasma DNA sequencing permitted
the identification of clonal mutations not detected in tumour biopsy
sequencing. On top of that, they showed correlation between ctDNA
detection with age, tumour grade and size, immunohistochemical
subtype, BI-RADS category, and lymph node positivity. This study
highlights the importance to test plasma DNA for somatic mutation
detection and improve the clinical management in localized breast
cancer. Finally, Chen et al, [31] utilized the commercially available
lon Ampliseq Oncomine Research Panel to detect somatic mutations
in primary tumour, blood and plasma DNA in pre and post-surgery
early breast cancer samples. They showed very limited sensitivity
(31%) in detecting ctDNA in relapsed patients. This is potentially due
to the low capability of the employed technology to detect ctDNA at
ultra-low allele frequencies required in this setting.

Recent efforts have also focused on the development of methodolo-
gies combining fixed NGS gene panels for multi-cancer ctDNA detec-
tion together with other circulating biomarkers. The CancerSEEK is a

method for early detection of eight different cancer types, including
breast cancer, as well as for the location of the organ-of-origin [17].
This test combines protein analysis with ctDNA detection, using driver
mutations to detect tumours in early stages. The technology uses PCR
amplification with molecular barcodes and NGS. The sensitivity for
cancer detection ranges from 69 to 98% in five cancers with a specific-
ity of 99%. However, the sensitivity to detect breast cancer in early
stages is rather limited (33%), highlighting the restriction in using fixed
panels in this cancer type considering the low mutagenicity rate
observed in these tumours [32].

In a recent study Wan et al. developed a novel methodology for
ctDNA detection, called INtegration of VAriant Reads (INVAR), and
applied it to several cancer types including breast, both in the early
and advanced stage. INVAR scans up to a thousand loci for mutations
by error-suppression methods and signal-enrichment procedures. As
little as one mutant molecule per 100,000 can be detected, thus sig-
nificantly increasing the ctDNA detection sensitivity. In localized
breast cancers, ctDNA was found in 62¢5% of the cases with a specific-
ity of 90%. The median integrated mutant allele fraction (IMAF)
obtained in early breast cancer patients was 52 parts-per-million
(ppm), substantially lower compared with the 15,000 ppm obtained
in advanced melanoma, highlighting again the difficulties to detect
ctDNA in localized breast tumours [33].

Other NGS-based procedures, including whole-exome or genome
sequencing, can also be employed to delimit broad mutational profiles
and copy number variations (CNVs) in ctDNA [13] and construct
patient-specific panels. In this respect, Coombes et al. [22] designed
personalized panels composed of 16 patient-specific variants, selected
from primary tumour whole-exome sequencing data and ultradeep
sequencing, for recurrence detection in localized breast cancer. ctDNA
was detected in 89% of the patients who relapsed and not detected in
100% of the non-relapsed ones. Molecular relapse was detected up to
two years before clinical or radiological relapse. Another example of a
clever use of NGS technologies to design patient-specific panels in the
neoadjuvant setting is the technology developed by McDonald et al.
[34]. In detail, TARDIS uses patient-specific panels composed of multi-
ple tumour mutations as ctDNA biomarkers for disease monitoring in
the pre-surgery setting as well as to detect MRD. This method com-
bines a targeted linear pre-amplification, followed by unique molecu-
lar identifiers (UMIs) ligation, targeted exponential PCR, and ultra-
deep sequencing. Applying this technology, the authors observed a
ctDNA allele frequency (AF) of 0e11% before and 0#003% and 0e017%
after NAT in patients with pCR and residual disease, respectively. TAR-
DIS demonstrated the ctDNA clinical relevance as a biomarker for NAT
treatment response and MRD monitoring in early breast cancer
patients, showing excellent sensitivity with a 100-fold improvement
beyond current ctDNA detection methods.

Evidently, both PCR and NGS-based techniques have shown
promising results for early breast cancer patient management
(Table 1), although neither of them is currently incorporated into the
clinical practise. Since ctDNA detection in localized tumours contin-
ues to be challenging, more and more studies and techniques are
under development to reconfirm its diagnostic, prognostic and
predictive potential.

3. Circulating-tumour cells in early breast cancer

CTCs are released from the bulk tumour and migrate into the
blood vessels by trans-endothelial transition to enter the body circu-
lation. Such cells that are additionally capable to adapt and survive in
different tissues can originate new tumours or metastases [35]. CTCs
can be released from the primary tumour and/or the metastases at
any stage of the tumorigenesis, even including localized tumours
[36]. CTCs population is very heterogenous with the majority of cells
being highly differentiated, while others have stem-cell like proper-
ties (CSCs) including increased self-renewal and marked resistance to



- CellSearch®: 37% (=1 CTC) and 16e5% (>2 CTCs)
- RT-qPCR: 18¢0%
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No agreement was observed between methods.

Table 1
Liquid biopsy studies in early breast cancer.
Study Analyte  Method Findings References
Bettegowda et al., 2014 ctDNA BEAMing - ctDNA detection rate of 50% in localized breast cancer patients. [27]
Garcia-Murillas et al., 2015 ddPCR - Correlation between ctDNA detection and future relapse. [24]
- MRD sequencing predicts relapse more accurately than primary cancer sequencing.
Rivaetal., 2017 ddPCR - ctDNA detection in 75% of patients at baseline. [16]
- During NAT, ctDNA levels decreased.
- Aslow decrease in ctDNA levels during NAT was strongly associated with shorter survival.
Phallen et al., 2017 TEC-Seq - ctDNA detection rate of 67% (I), 59% (SII) and 46% (SIII) in pre-treated breast cancer. [18]
Chenetal,, 2017 Oncomine panel - ctDNA detection rate of 31% in relapsed patients. [31]
Cohen et al., 2018 CancerSEEK - ctDNA detection rate of 33% in early breast cancer. [17]
McDonald et al., 2019 TARDIS - 0e11% median VAF in pre-treatment breast cancer samples. [34]
- 00003% median VAF in postNAT and 0#017% in pathCR and MRD samples.
Garcia-Murillas et al., 2019 ddPCR - Improved lead time of ctDNA detection over clinical relapse of 10¢7 months. [25]
Coombes et al., 2019 Personalized panels and - ctDNA detection rate of 89%. [22]
ultra-deep sequencing - Relapse detected 266 days before clinical relapse.
Rothé et al., 2019 ddPCR - ctDNA detection before and during NAT was associated with decreased pCR rate. [26]
Zhang et al., 2019 Large NGS panels - ctDNA detection rate of 74e2% in early breast cancer plasma samples. [29]
- Predictive value up to 92% integrating ctDNA with BI-RADS.
Jimenez-Rodriguez et al., 2019 SafeSEQ - ctDNA detection was associated with age, tumour grade and size, immunohistochemical subtype, BIRADS category, [30]
and lymph node positivity.
Wan et al., 2020 INVAR - ctDNA detection rate of 62¢5% and 90% specificity. IMAF of 5e2 parts-per-million in early breast cancer. [33]
Pierga et al., 2008 CTCs CellSearch® - CTCs detected in 27% of patients with NAT. CTCs detection was not associated with primary tumour response but it was [56]
independent prognostic factor for early relapse.
Bidard et al., 2010 CellSearch® - CTCs detection in 23% of samples at baseline. [49]
- CTC detection before chemotherapy was independent prognostic factor for inferior DMFS and OS.
- CTCs detection before NAT predict inferior OS.
Lucci et al., 2012 CellSearch® - CTCs detectable in 24% of patients. [58]
- CTCs detection associated with decreased PFS and OS.
Bidard et al., 2013 CellSearch® - CTCs detection before NAT was associated with inferior DMFS and OS [50]
Strati et al., 2013 Adnatest, RT-qPCR - CTCs detection rate: [62]
- CK-19 RT-qPCR: 14#2%
- Multiplex RT-qPCR: 22¢8%
- AdnaTest: 16¢5%
- Concordance:
- AdnaTest and CK-19 RTqPCR: 72e4%
- AdnaTest and multiplex RT-qPCR: 64¢6%.
Pierga et al., 2015 CellSearch® - Detectable CTCs associated with a shorter 3-years DFS and OS. [53]
Hall et al., 2015 CellSearch® - CTCs detection in 30% of TNBC patients. [51]
- CTCs detection was not correlated with node status, high grade or tumour size.
- CTCs detection was associated with decreased RFS and OS in TNBC patients after NAT.
Kasimir-Bauer et al., 2016 AdnaTest® - CTCs was detected in 24% and 8% breast cancer patients before and after NAT. [61]
- CTCs detection was not associated with PFS and OS.
- CTCs detection after NAT was associated with worse outcome.
Khosravi et al., 2016 Nanotube-CTC—Chip - 62% of CTCs detection sensitivity in mimicking experiments. [66]
Pierga et al., 2017 CellSearch® - CTCs detectable in 39% of patients at baseline. [57]
- CTCs detectable in 9% of patients after treatment.
- CTCs detection associated with shorter 3-years DFS and OS.
Riethdorf, 2017 CellSearch® - >1CTCand >2 CTCs before NAT associated with reduced DFS and OS but not after NAT. [55]
- CTCs-negative patients with pathCR showed the best prognosis. CTC-positive patients with decreased tumour response
correlated with high risk of relapse.
Politaki et al., 2017 CellSearch®, RT-qPCR, dIF - CTCs detection: [63]

(continued on next page)
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Table 1 (Continued)

Study Analyte  Method Findings References
Bidard et al., 2018 CellSearch® - CTCs detectable in 25#2% of patients before NAT and associated with tumour size. [35]

- CTCs detection associated with decreased DFS, OS and locoregional relapse-free interval.
Sparano et al., 2018 CellSearch® - CTCs detection was associated with 13e1-fold increase in risk of recurrence. [52]

CTCs detected in 3004% of relapsed patients.
CTCs detection 5 years after diagnosis was associated with late clinical recurrence.

Kwan et al., 2018 CTC-iChip, RNAseq, microarray - Elevated CTC-Score after NAT was associated with residual disease at surgery. [64]
- No association between CTC-score and tumour grade or nodal status.
- CTC-derived RNA signature allowed non-invasive pharmacodynamic measurements.
Goodman et al., 2018 CellSearch® - Radiotherapy is associated with longer OS, DFS and LRFS in CTC-positive patients. [59]
Loeian et al., 2019 Nanotube-CTC—Chip - 4-238 CTCs detected per 8¢5 mL of blood in stage I-IV breast cancer patients. [67]
- 100% of CTCs detection in stage I breast cancer patients.
Trapp et al,, 2019 CellSearch® - CTCs detection two years after chemotherapy was statistically significant for OS and DFS. [60]
Radovich et al., 2020 ctDNA ctDNA: NGS fixed panel - Decreased DDFS in ctDNA positive patients. [65]
CTCs CTCs: microfluidic device - ctDNA detection was associated with DFS.

(Ep-CAM positive selection) - ctDNA and CTCs positivity associated with lower DDFS.
Decreased DDFS in ctDNA and CTCs positive patients.
DFS was associated with ctDNA and CTCs detection.
Total circulating RNA and serum miR155 concentration can differentiate patients with localized [76]
tumours from healthy individuals.
- miR-10b and miR-34a differentiates metastatic patients from healthy individuals.
- miR-10b and miR-34a levels were higher in metastatic patients than patients with localized tumour. Increased total
RNA levels, miR-10b, miR-34a and miR-155 were associated with metastases.
Advanced tumour stages had increased amounts of total RNA and miR34a was increased in the localized tumour group.
Visceral and lymph node metastasis were significantly correlated with high miR-21 expression levels. [77]
Stage IV breast cancer associated with high miR-21 expression levels.
Nine-miRNA signature stratified samples belonging to ER+ breast cancers and healthy controls. [78]
No association between miRNA expression and tumour grade, size or lymph node status.
miR-505-5p, miR-125b-5p, miR-21-5p, and miR-96—5p were overexpressed in patients before treatment. [79]
Expression of miR-3656, miR-505—5p, and miR-21-5p decreased in treated patients.
Kleivi Sahlberg et al,, 2015 RT-qPCR - miR-18b, miR-103, miR-107, and miR-652, predicted tumour relapse and OS. [82]
- These four miRNAs differentiated TNBC patients with poor outcome.
- High-risk patients overexpressed these four miRNAs and had lower OS than low-risk patients.
miR-1246, miR-1307-3p, miR-4634, miR-6861—5p and miR-6875—5p expression can identify breast cancer with [80]
93e3% sensitivity and 82#9% specificity.
The combination can detect early breast cancer with a sensitivity of 98e0%.
Nine miRNAs were overexpressed in patients with stage I, Il and III, compared to stage IV. [81]
The expression was higher in HER2 and TNBC subtypes than in luminal
miR-21, miR-23b and miR-200c, overexpression and miR-190 downregulation were observed in relapsed patients. [83]
- Downregulation of miR-190 was higher in patients with early relapse.
- miR-200c overexpression related to shorter DFS.
- miR-21 overexpression associated with shorter DFS and OS.
- The combination of these four miRNAs could discriminate between relapsed and non-relapsed patients.
The combination of miR-200c expression with other clinical factors predicted late relapse.
miR-21 and miR-105 overexpression was higher in metastatic patients. [84]
Exosomal miRNA-222 levels were higher in basal-like and luminal B subtypes.
Exosomal miR-222 levels correlated with progesterone receptor status and Ki67.
Expression of miR-21 correlated with tumour size and inversely with ki67.
High levels of exosomal miR-21, miR-222 and miR-155 associated with CTCs presence.

Roth et al,, 2010 cfmiRNAs RT-qPCR

Asagaetal,, 2011 RT-qPCR-DS

Kodahl et al., 2014 RT-qPCR

Matamala et al., 2015 Microarray, qRT-PCR

Shimomura et al., 2016 Microarray, qRT-PCR

Hamam et al,, 2016 Microarray, qRT-PCR

Papadaki et al., 2018 RT-qPCR

Rodriguez-Martinez et al., 2019 RT-qPCR

Abbreviations: ctDNA, circulating-tumour DNA; ddPCR, digital droplet PCR; MRD, minimal residual disease; NAT, neoadjuvant therapy; VAF, variant allele frequency; pathCR, pathological complete response; NGS, next gener-
ation sequencing; RT-qPCR, quantitative reverse transcription PCR; BI-RADS, Breast Imaging Reporting and Data System; IMAF, integrated mutant allele fraction; CTCs, circulating-tumour cells; PFS, progression-free survival;
0S, overall survival; DFS, disease-free survival; DDFS, distant disease-free survival; DMFS, distant metastasis-free survival IF, Immunofluorescence; dIF, double immunofluorescence; LRFS, local recurrence-free survival;
cfmiRNAs, circulating-free miRNAs; miRNA, micro RNA; RT-qPCR-DS, RT-qPCR applied directly in serum; ER, oestrogen receptor; TNBC, triple-negative breast cancer.
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therapies [37]. CTCs characteristics additionally reflect the cancer
type and stage, e.g. in early breast cancer CTCs do not present
increased “mitotic features” compared to the metastatic disease [38].
Important phenotypic changes are induced in CTCs by the epithelial-
to-mesenchymal transition (EMT), adapting them to survive in the
bloodstream and colonize other tissues [39]. Interactions with
numerous blood components such as platelets are crucial for promot-
ing their metastatic potential [40], conferring them protection from
the hosts immune system [41,42]. CTCs can travel as individual cells
through the bloodstream but it was recently discovered that they can
also associate in clusters, which increases 23—50 times their meta-
static capacity [43]. CTCs half-life is established in between one to
three hours, with only 0e1% surviving for more than 24 h in the
bloodstream, and 0¢01% having the ability to metastasize [44,45].

CTCs are substantially less abundant in the blood of patients with
early tumours, however there is evidence in the literature about the
detection of CTCs in all breast cancer stages and their correlation
with unfavourable prognosis, lack of treatment efficacy and tumour
progression [46,47]. CTCs detection and characterization require to
firstly perform an enrichment step considering CTCs rareness in the
circulation, especially in the early cancer setting. This is implemented
using molecular markers on the surface of these cells such as the epi-
thelial cell adhesion molecule (EpCAM). This enrichment step is clas-
sified depending on whether the target cells or non-target cells are
bound by the antibodies (positive or negative selection, respectively).
Other procedures based on cell density or size are also gaining impor-
tance because of their capacity to process large volumes of samples in
a more cost-effective manner [48].

There is a wide variety of technologies for CTCs detection and char-
acterization developed by the biotech industry, which is growing
exponentially at the same time as the CTCs’ clinical impact is being
highlighted. The methodology developed by Menarini Silicon Biosys-
tems called CellSearch® is the gold standard and the only technique
approved by the FDA for the isolation and detection of CTCs in meta-
static breast, prostate and colon cancer. This method is based on CTCs
immunoisolation by positive selection targeting EpCAM. However,
CTCs that are not expressing EpCAM because of the EMT or stem-cell
like properties will not be detected. Nevertheless, this methodology is
the most employed in studies involving early and advanced breast
cancer samples. Numerous investigations confirmed that a count of >1
CTCs in 75 ml of blood with CellSearch® system at different time-
points before and after surgery of localized breast tumours is associ-
ated with inferior progression-free survival (PFS), overall survival (OS)
[49-51],and late recurrence [51,52] In the Beverly study [53,54], those
patients with detectable CTCs at baseline had shorter disease-free sur-
vival (DFS) and OS. Similar results were found in the GeparQuattro trial
[55], which included patients treated with NAT. In two different stud-
ies, Pierga et al. [56,57] investigated the existence of CTCs in pre- and
post-neoadjuvant blood samples in 118 and 137 non-metastatic breast
cancer patients, respectively. They also observed that patients with >1
CTCs showed worse DFS and OS. Another example is the study pub-
lished by Lucci et al. [58] in 2012 showing the correlation between one
or more CTCs in 75 ml of blood with worse PFS and OS. A meta-analy-
sis published by Bidard et al. [35] in 2018 analysed the presence of
CTCs from different studies in a total of 1574 samples from early stage
patients before NAT treatment and 1200 samples from patients before
surgery using this system. They observed that one or more CTCs were
detected in 25¢2% of pre-NAT patients and this was associated with
tumour size. Additionally, the number of detected CTCs inversely cor-
related with the OS, DFS, and locoregional relapse-free interval, but
not with the pCR. Patients with more than one CTC prior to NAT
showed increased risk of death. Furthermore, in 861 patients where
CTCs screening was performed before NAT, an increase in the prognos-
tic ability for OS, distant DFS, and locoregional relapse-free interval
was addressed. CTCs counts were an independent quantitative prog-
nostic factor in patients with early breast cancer treated with NAT and

they could complement current prognostic models based on tumour
characteristics and response to treatment. Additionally, in one study
published by Goodman et al. [59], the association between CTCs detec-
tion and the benefit of radiotherapy (RT) was assessed in 3213 patients
from the NCDB and SUCCESS trials. CTCs were detected in 23¢5% and
19e4% patients, respectively. In both cohorts, RT was associated with
better OS in patients with positive CTCs counts, but not in the negative
ones. In addition, in the SUCCESS cohort, RT was associated with longer
DFS and local recurrence-free survival (LRFS). Finally, Trapp et al. [60]
recently investigated the prognostic potential of CTCs detection in
1087 early breast cancer patients using CellSearch. A multivariable
analysis showed that CTCs status at baseline and two years after che-
motherapy was statistically significantly associated with OS and DFS in
almost all breast cancer subtypes.

Another commercial method for CTCs analysis is the Adnatest
(QIAGEN®). This procedure uses a combination of antibodies conjugated
with magnetic beads for selecting tumour and epithelial markers and
an RT-PCR for detecting breast cancer mRNAs biomarkers. Kasimir-
Bauer et al. [61] employed this methodology to isolate CTCs in the breast
cancer neoadjuvant setting. According to the results, the survival and
detection of resistant and stem cell-like resistant CTCs after NAT was
associated with worse prognosis in these patients. Adnatest was also
applied in a comparative study using three different methods for detec-
tion and molecular characterization of CTCs in early and metastatic
breast cancer patients [62]. CTCs were isolated from the peripheral
blood of 254 early breast cancer patients. Molecular characteristics were
assessed using a singleplex RT-qPCR for CK19, a multiplex RT-qPCR, and
the AdnaTest BreastCancer™ and compared. CTCs positivity was
observed in 142%, 22¢8% and 16e5% of the cases, respectively. In the
early setting, the concordance between the AdnaTest and CK-19 RTqPCR
was 72¢4% while the AdnaTest and multiplex RT-qPCR showed a con-
cordance of 64e6%. This low correlation was attributable to CTCs’
heterogeneity and the diversity of genes included in the different meth-
odologies. In another comparative study, Politaki et al. tested three dif-
ferent methods for CTCs detection in 200 early breast cancer patients.
Using the CellSearch® System, CTCs (>1 and >2) were detected in
23 ml of blood in 37% and 16e5% of the early breast cancer patients,
respectively. On the other hand, 18¢0% showed positivity by RT-qPCR
and 16¢9% by immunofluorescence. Importantly, no agreement was
observed between methods [63].

The prognostic value of CTCs detection has also been demon-
strated in a recent study published by Kwan et al. [64]. In this
research, a digital RNA signature and a new technology called CTC-
iChip were employed for CTCs isolation and detection in early and
metastatic breast cancer patients. To develop the RNA expression sig-
nature, RNASeq and microarray expression data from breast cancer,
blood and normal breast tissue were analysed. A 17-gene signature
confirmed by single cell RNA sequencing and ddPCR was developed.
In the localized breast cancer cohort (n = 54), no association between
CTC-score and tumour grade or nodal status was found. However, a
high baseline CTC-score was associated with residual disease. Fur-
thermore, an elevated CTC-score during NAT (>3 cycles) was associ-
ated with residual disease at the time of surgery. Therefore, the
authors supported the prognostic value of CTCs detection in localized
breast cancer patients. A recent study correlated ctDNA and CTCs
detection with recurrence in triple-negative breast cancer (TNBC)
patients after NAT. The results showed that the detection of either
ctDNA or CTCs is independently associated with recurrence. Both DFS
and distant disease-free survival (DDFS) were inferior for patients
with detectable ctDNA and CTCs in contrast to those with undetect-
able circulating analytes [65].

An additional noteworthy novel methodology to detect CTCs in
early breast cancer patients is the so-called nanotube-CTC-chip
[66,67]. This system relies on label-free nanotube-antibody microar-
rays applying breast cancer-specific antibodies such as anti-EpCAM
and anti-her2 amongst others. The authors not only demonstrated
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that this new technology is able to capture a mean of 62% of tumour
cells in spike-in experiments, but they also showed the capability of
the system to identify CTCs in the 100% of the studied breast cancer
peripheral blood samples.

In conclusion, CTCs detection in the early breast cancer setting
remains challenging, partially due to the high heterogeneity observed
amongst CTCs, which makes the concordance and inter-method vari-
ability between studies an important caveat to conquer (Table 1).
However, the use of CTCs identification and characterisation possess
a great potential to further increase the clinical value of these cells in
breast cancer management.

4. Circulating-tumour RNAs in early breast cancer

In tumour tissue, it is already known that RNA, especially the non-
coding counterpart, plays important roles in the deregulation of cell
homoeostasis and cancer development. RNA can also be released
from tumour cells into the circulation of oncologic patients and thus
be a potential analyte for liquid biopsy-based approaches. However,
its study in liquid biopsies, correlation with cancer stages, clinical
presentations and/or treatment responses are severely affected by its
limited stability and the variability in the methodologies employed
[68]. There is still little evidence regarding the circulating tumour
RNA'’s utility to depict the tumour molecular profile or to use it as a
biomarker in cancer patients, especially for localized tumours where
its amounts are under the limit of detection for most current technol-
ogies. Nevertheless, several types of circulating tumour RNAs could
actually be studied. The interest in the circulating non-coding RNAs
(ncRNAs) is exponentially growing since their important implication
related to cancer biology was described. They represent 80% of the
total circulating RNA and are involved in the regulation of transduc-
tion pathways, acting also as cancer drivers [69]. Long non-coding
RNAs (IncRNAs), circular RNAs (circRNAs), small nuclear and nucleo-
lar RNAs (snRNAs and snoRNAs), and PIWI-interacting RNAs (piRNAs)
are ncRNAs molecules of great interest with important roles in cancer
biology [70-73]. However, little is known about their presence and
utility as liquid biopsy biomarkers, requiring further studies to deter-
mine their clinical interest.

Conversely, miRNAs are ncRNAs small in size (~22 nt), capable to
regulate gene expression at the post-transcriptional level with
important implications in the development of a plethora of tumours
[74]. They are present in blood and in other biological fluids and they
are the most abundant cfRNAs [75]. miRNAs can circulate as free par-
ticles or associated with exosomes, either in their lumen or on their
surface, which affects their stability. miRNAs are the most studied
RNA species in tissues from localized breast cancers but also in the
bloodstream, where several studies demonstrated their clinical
potential (Table 1).

Circulating miRNA profiles were already employed in breast can-
cer patients across several studies. Different methods were applied to
analyse them including RT-qPCR, digital PCR (dPCR), microarrays,
and NGS. Currently, RT-qPCR and microarrays are mostly employed.
In this regard, Roth et al. [76] investigated the expression of four miR-
NAs in the serum of primary and metastatic breast cancer patients.
Their results demonstrated that the total amount of circulating RNAs
and the serum miR-155 concentration could differentiate between
patients with primary breast cancer and healthy individuals, while
miR-10b and miR-34a levels were increased in metastatic patients
and allowed their identification. Furthermore, they observed that
advanced tumour stages were associated with an increased amount
of total circulating RNAs and specifically with the overexpression of
miR-34a. In another example, Asaga et al. [77] demonstrated that
miR-21 was upregulated in serum of patients with any breast cancer
stage, including localized tumours, compared to serum from healthy
controls. Kodahl et al. [78] additionally identified a signature com-
posed of nine miRNAs to discriminate between early breast cancer

patients and healthy controls. Matamala et al. [79] studied the pres-
ence of four miRNAs in blood and found them to be overexpressed in
pre-treated patients compared to controls and treated individuals.
Shimomura et al. [80] analysed the serum of 1280 patients with early
breast cancer and showed that the combination of five miRNAs was
capable to detect early breast cancer with 98¢0% sensitivity. Finally,
Hamam et al. detected 18 upregulated miRNAs in patients with stage
I, I and III, compared to stage IV, indicating that miRNAs showed
potential to stratify tumours by stage [81].

The miRNAs were also investigated in early breast cancer as prog-
nostic biomarkers. Kleivi Sahlberg et al. [82] demonstrated that the
expression of four miRNAs predicted tumour relapse and OS. High-
risk patients tended to express these four miRNAs more often and
had lower OS than low-risk patients. Papadaki et al. [83] studied the
expression levels of a different set of four miRNAs in a series of sam-
ples from localized breast cancer patients, observing an increase in
the expression of miR-21, miR-23b, and miR-200c accompanied by a
decrease in miR-190 in relapsed patients compared to the non-
relapsed ones. They concluded that the combined expression of these
four miRNAs as well as the miR-200c expression by itself could
predict relapse and thus help to better stratify patients.

On top of that, miRNAs can also be utilized to monitor treatment
response in the early breast cancer setting. Rodriguez-Martinez et al.
[84] studied the role of exosomal miRNAs as a complementary tool
for treatment response prediction in patients treated with NAT. miR-
NAs expression was measured before and after NAT, observing that
miR-21 and miR-105 were overexpressed in metastatic patients
compared to non-metastatic ones as well as controls.

Considering all the above-mentioned, RNAs in circulation have an
interesting potential to improve the clinical management of breast
cancer patients using an easy-to-obtain blood sample.

5. Outstanding questions

Liquid biopsy is a non-invasive methodology which serves to
obtain key tumour information and it is rapidly transforming the can-
cer patient’s clinical management. The assessment of the tumour cir-
culating components in the early and advanced setting is very well
documented and it is also reflected in the multitude of commercial
assays that use ctDNA to determine the tumour genetic profiles, the
treatment response including resistance as well as a biomarker for
disease monitoring [65,85]. Indeed, the clinical validity of liquid
biopsy in the early breast cancer setting is more than evident; multi-
tude of clinical trials, aiming to demonstrate that the clinical deci-
sion-making based on these circulating components could serve to
increase patients survival, are on-going or already finished. It is indis-
putable that liquid biopsies show great promise based on the data
presented by several observational studies, albeit with limited num-
ber of patients. However, its clinical utility is still to be fully estab-
lished and requires performing multicentre clinical studies including
large series of breast cancer patients.

The detection and characterization of circulating tumour materi-
als in the early setting present much more difficulties due to their
low amounts in the biofluids from the patients. Important advances
were performed using ctDNA, where ultrasensitive cutting-edge NGS
technologies and patient-specific panels have served to characterize
the tumours, to assess responses to neoadjuvant chemotherapies as
well as to detect MRD after surgery. This revolution in methodology
development gave rise to several NGS procedures employing differ-
ent pipelines with the same objective - to detect ultra-low diluted
ctDNA. However, there are still important caveats to their clinical
extrapolation such as their technical complexity, especially at the
bioinformatic level where non-specialized user-friendly software
needs to be developed.

On the other hand, additional research is needed to validate the
utility of CTCs, where so far only CTCs enumeration shows prognostic
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capacities in early breast cancer. The use of the CellSearch® System
demonstrated validity in CTCs’ detection for outcome prediction in
observational studies including early breast cancer patients (Table 1).
However, interventional clinical trials addressing the clinical rele-
vance of this technology in detecting CTCs, stratifying patients and
applying personalized treatments are still missing.

Considering the difficulty to isolate CTCs from early cancer
patients using standard volumes of blood draws, possibly single cell
molecular characterization is the natural next step to uncover the full
potential of CTCs in this setting. Studying CTCs at single-cell level
could provide insights about the genetic characteristics of potential
occult metastasis and their heterogeneity [86]. Such molecular char-
acterization could permit to track disease evolution in follow-up
blood samples using genetic aberrations as biomarkers and/or to
treat patients and prevent disease relapses based on targetable
driver mutations, as was previously demonstrated by detecting ESR1
resistance mutations in metastatic breast tumours [87].

Finally, the study of RNAs in circulation is showing great interest
since more and more publications are presenting interesting results.
Most of these articles employed miRNAs for molecular tumour strati-
fication, treatment response and/or relapse prediction. However, the
characterization of other circulating RNA types, such as the IncRNAs
or the circRNAs that demonstrated importance in other cancer types
[88,89], will likely open new avenues to uncover the real capacity of
these analytes in breast cancer patients.

Overall, more research needs to be performed in the standardiza-
tion of sample extraction procedures, circulating-tumour material
isolation and the very diverse methodologies employed, aiming to
extrapolate the use of the different circulating molecules into the
“real world” in clinics. On top of that, the “only one analyte” barrier
should be crossed, focusing more on multi-omics approaches to
finally unleash the full clinical utility of liquid biopsy in cancer
patients.

6. Search strategy and selection criteria

Data for this Review were identified by searches in MEDLINE, Cur-
rent Contents, PubMed, and references from relevant articles using
the terms “ctDNA”, “CTCs”, “early breast cancer”, “liquid biopsy”, and
“cfRNA”. Only articles published in English and French were included
with preference for those published in the last ten years.
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