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ABSTRACT

Background: Circulating tumor cells (CTCs) are pivotal liquid biopsy (LB) biomarkers for breast cancer (BC), offering non-inva-
sive insights into tumor progression and metastasis. Despite their clinical promise, CTC detection remains technically challeng-
ing due to their extreme rarity in peripheral blood.

Methods: This review systematically evaluates CTC detection methodologies, including immunoaffinity-based approaches and
biophysical techniques, which exhibit inherent trade-offs in sensitivity, specificity, and compatibility with downstream analyses.
Furthermore, post-isolation molecular characterization methods spanning genomic, transcriptomic, and proteomic analyses are
also critically assessed.

Key Findings: CTC molecular profiling holds significant clinical relevance, enabling early diagnosis, prognostic stratifi-
cation, and real-time monitoring of therapeutic response. Baseline CTC counts or quantitative/phenotypic changes during
treatment inform therapeutic decision-making, predict drug resistance, and correlate with recurrence risk and metastatic
progression.

Conclusion: Multimodal analysis integrating CTC morphology, surface markers, and molecular alterations advances pre-
cision therapy. However, standardization of detection platforms and clinical validation of CTC-guided protocols remain
essential.

Abbreviations: ADC, antibody-drug conjugate; ADH, atypical ductal hyperplasia; AR, androgen receptor; BBD, benign breast diseases; BC, breast cancer; CD31,
pan-leukocyte marker 31; CD45, pan-leukocyte marker 45; CDK6, cyclin-dependent kinase 6; CK, cytokeratin; CSFTCs, cerebrospinal fluid-derived circulating tumor
cells; CTC, circulating tumor cell; CTEC, circulating tumor endothelial cell; DAPI, 4’,6-diamidino-2-phenylindole; DCIS, ductal carcinoma in situ; DFS, disease-free
survival; DNA, deoxyribonucleic acid; EBC, early breast cancer; EMT, epithelial-mesenchymal transition; EpCAM, epithelial cell adhesion molecule; ER, estrogen
receptor; EVs, extracellular vesicles; FDA, Food and Drug Administration; GO, graphene oxide; HB, herringbone; HER2, human epidermal growth factor receptor 2;
IDC, invasive ductal carcinoma; iDFS, invasive disease-free survival; LAHNSCC, locally advanced head and neck squamous cell carcinoma; LB, liquid biopsy; LM,
leptomeningeal metastasis; LncRNAs, long non-coding RNAs; MBC, metastatic breast cancer; MDR, multidrug resistance; MiRNAs, micro-RNAs; MMPs, matrix
metalloproteinases; MNPs, magnetic nanoprobes; MRD, minimal residual disease; MRI, magnetic resonance imaging; ncRNA, non-coding RNA; OS, overall survival;
PCR, pathologic complete response; PD-L1, programmed death-ligand 1; PFS, progression-free survival; PSA, prostate-specific antigen; RFS, recurrence-free survival;
RNA, ribonucleic acid; RNA-ISH, RNA in situ hybridization; RT-PCR, reverse transcription-polymerase chain reaction; SE-iFISH, subtraction enrichment and
immunostaining-fluorescence in situ hybridization; SncRNAs, small non-coding RNAs; TDEs, tumor-derived exosomes; TDFs, tetrahedral DNA frameworks; TME,
tumor microenvironment; Topl, topoisomerase 1; Trop-2, trophoblast cell surface antigen-2; TSGs, tumor suppressor genes; TTF, time to treatment failure; VEGF,
vascular endothelial growth factor; VIM, vimentin.
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1 | Introduction

Breast cancer (BC) is now the most common malignant tumor
among women worldwide [1]. Despite advancements in clinical
treatments leading to potential cures, BC remains the leading
cause of cancer-related mortality in women, with a notable pro-
portion of patients experiencing recurrence and metastasis [2].
Early screening, appropriate treatment selection, and vigilant
monitoring for metastatic recurrence are therefore imperative
[3]. Although conventional imaging remains the cornerstone for
tumor detection, its utility in early diagnosis is limited [4] and
there are significant risks of over-diagnosis and patient distress
[5]. Histopathology, the gold standard for tumor staging, pro-
vides precise diagnostic insights [2] but is limited by its invasive
nature and patient discomfort [5]. In contrast, liquid biopsy (LB),
owing to its minimally invasive nature and ability for repeated
sampling, has the potential to reveal the molecular landscape
of neoplasms in real time, which could assist in monitoring the
management of cancer during the treatment process [6].

One of the key biomarkers of LB is the circulating tumor cells
(CTCs), the progenitors of metastatic tumors that circulate in
the bloodstream either alone or in clusters [7]. However, CTCs
exist at extremely low concentrations (few per milliliter of
blood) owing to high attrition during metastasis [8]. Moreover,
the process of epithelial-mesenchymal transition (EMT) and
the heterogeneity among CTCs pose challenges for their en-
richment and detection [9]. To address these challenges, re-
searchers are refining enrichment and detection technologies
to increase sensitivity and specificity [10]. Beyond enumer-
ation, CTCs carry noncoding RNAs (ncRNAs) and secrete
exosomes, expanding their clinical utility as multifunctional
biomarkers [11, 12].

CTCs serve as surrogate biomarkers for tumors [5].
Quantitative analysis (counting), phenotypic profiling, and
karyotyping of CTCs enable therapy guidance, treatment re-
sponse assessment, drug resistance identification, and prog-
nostic stratification [13, 14]. Although CTCs are detectable
across multiple cancer types, BC remains the primary focus
of clinical CTC research [15], making it the central theme of
this review.

2 | Circulating Tumor Cells

The concept of CTCs was first described in 1869 by Ashworth,
who identified cells exhibiting a tumor-like morphology in the
peripheral blood of a metastatic cancer patient [16]. Subsequent
reports in the medical literature documented corroborated find-
ings of tumor cells in the bloodstream. However, the higher
incidence of CTC-positive blood tests than of clinically evident
distant metastases has raised concerns regarding their malig-
nancy [9], prompting systematic investigations into the thera-
peutic and prognostic implications of CTCs [17].

In 1976, Nowel reconceptualized CTCs, suggesting that these
cells derived from primary malignancies are capable of intra-
vasating into the bloodstream or lymphatic system, thereby
possessing the potential to metastasize to distant organs [18].
Subsequent studies further revealed the existence of CTC

clusters [19], which, despite their low abundance in circulation,
exhibit an enhanced capacity for dissemination and are asso-
ciated with an inferior prognosis in affected patients [20]. The
discovery of CTCs has stimulated significant scientific interest,
driving innovations in CTC detection technologies and their ap-
plication in oncology research.

3 | Circulating Tumor Cell Detection

3.1 | Positive Enrichment on the Basis
of Immunoaffinity

Immunoaffinity methods are extensively utilized to capture
cells through surface biomarkers, primarily using immuno-
magnetic separation with antibody-coated magnetic particles.
Positive enrichment targets tumor-associated antigens [21], with
epithelial cell adhesion molecule (EpCAM) being a preferred
biomarker for identifying CTCs in epithelial-originated ma-
lignancies. Captured CTCs are validated via standard criteria:
4’,6-diamidino-2-phenylindole (DAPI)*/EpCAM*/cytokeratin
(CK)*/the panleukocyte marker (CD45)~ [21, 22].

CellSearch, the first FDA-authorized methodology for posi-
tive selection of CTCs [23], was initially developed in the late
1990s [24] and was approved for detecting metastatic breast
cancer (MBC) patients in 2004 [25]. It combines anti-EpCAM
magnetic bead capture with fluorescent labeling for CK8/18/19,
CD45, and DAPI, showing moderate sensitivity (60%-92%), high
specificity (85%-98%) [26, 27], and substantial costs [28-31]. In
contrast, CytoSorter [32] employs analogous anti-EpCAM-based
capture and immunofluorescence, achieving enhanced sensitiv-
ity (>70%) in specific malignancies, such as locally advanced
head and neck squamous cell carcinoma (LAHNSCC) [33, 34].

Instead of using EpCAM alone, the AdnaTest uses multiple
tumor-specific antibodies [35-38]. After enrichment, CTCs
undergo multiplex RT-PCR for tumor markers, with positivity
requiring >1 marker above thresholds. Despite its sensitivity
(60%-90%) being comparable to that of CellSearch [39], its cost-
effectiveness remains suboptimal [21, 40, 41].

MagSweeper [21, 42] processes whole blood without centrifuga-
tion or lysis, achieving high capture efficiency (70%-90%) and
leukocyte-free purity. Anti-EpCAM magnetic beads bind CTCs,
which are then collected via robotic magnetic rods at a speed
that considers shear forces. Captured CTCs are microscopically
validated and remain viable for downstream genomic analyses
(43, 44].

Microfluidic systems improve capture by controlling flow dy-
namics. The CTC-Chip, with anti-EpCAM microcolumns,
achieves 80%-95% sensitivity and 90%-97% specificity [45-47].
Postcapture enzymatic release facilitates CK/CD45-based phe-
notyping [48]. Microcolumn arrays limit CTC detection and
characterization because of their opacity, and subsequent micro-
fluidic devices based on surface capture, such as herringbone
(HB) and graphene oxide (GO) chips, have been developed to
address these constraints [21]. T-uFS is a highly efficient mi-
crofluidic system that combines tetrahedral DNA frameworks
(TDFs), herringbone (HB) channel chips, and aptamer-based
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reactions, achieving 80%-90% sensitivity and 85%-92% speci-
ficity for leukocyte-free isolation [49]. Similarly, BioFluidica is
a three-modular system that employs antibody-coated channels
for multiphenotypic CTC capture, followed by trypsin release,
impedance counting, and CD45/CK/vimentin (VIM) staining
[50-52]. Despite incremental improvements in sensitivity and
specificity, these technologies remain constrained by elevated
operational costs and prolonged processing times [53].

Notably, the GILUPI CellCollector uniquely captures CTCs
in vivo using an anti-EpCAM-coated wire inserted into veins,
which can screen large volumes of blood [54-57]. Postretrieval
CTCs are stained with CD45/CK/DAPI for microscopy [58].
While superior sensitivity (90%-98%) is achieved, its specific-
ity (85%-90%) and antibody-associated expenses limit scalabil-
ity [59].

3.2 | Cell Surface Molecule-Independent
Enrichment

Negative enrichment isolates CTCs indirectly by removing
background leukocytes using antigens not present on CTCs.
While this approach avoids limitations of positive enrichment
(e.g., capturing CTC subtypes lacking epithelial markers), it
often reduces purity. However, some positive or negative devices
can be interconverted by selecting different antibodies with high
flexibility.

EasySep is an immunomagnetic technique based on negative
enrichment [60]. The samples were incubated with antibodies
such as CD45 conjugated to magnetic nanoparticles. Labeled
blood cells are magnetically removed, leaving unbound cells
(including CTCs) for EpCAM-based immunofluorescence mi-
croscopy [61].

SE-iIFISH (subtraction enrichment and immunostaining-
fluorescence in situ hybridization) is a powerful tool for CTC
analysis, allowing detailed assessment of cell characteristics
(phenotype, chromosomal makeup, and morphology) with high
detection accuracy [62-64]. It detects combinatorial abnormal-
ities in protein biomarkers (e.g., CK, EpCAM, VIM, HER2, and
PD-L1) and chromosomal aneuploidy (e.g., chromosome 8 poly-
somy) tailored to tumor profiles [65, 66]. The process involves
lysing red blood cells and removing leukocytes with magnetic
beads coated with anti-leukocyte antibodies. Precipitated cells
were then smeared on slides, hybridized with chromosome
8-specific FISH probes (Vysis CEP8), and labeled with fluores-
cent antibodies. Automated 3D microscopy identifies CTCs via
tumor marker expression and chromosome 8 status (diploid/
nondiploid) [62, 67, 68].

3.3 | Enrichment on the Basis of Physical
Properties

The reliance on EpCAM and CK as immunomagnetic targets
poses significant limitations owing to their potential downregu-
lation or subcellular relocalization during EMT. To address this,
biomarker-free methods isolate CTCs using physical differences
between CTCs and hematopoietic cells—including morphology,

deformability, and electric fields [42]—enabling label-free cap-
ture better suited for downstream analysis. While cheaper than
antibody-based methods, these approaches often have lower ef-
ficiency and specificity [69].

Parsortix [70-72], approved by the FDA for MBC applications,
captures CTCs in microfluidic chips based on cell size and
flexibility [23, 73, 74]. Similarly, ClearCell is an automated cell
recovery system cleared by the FDA that employs Dean Flow
Fractionation (DFF) to separate larger CTCs from smaller blood
cells for downstream assays [75, 76]. Vortex VTX-1 [77] is an-
other FDA-approved technology that enriches CTCs using mi-
croscale fluid vortices that trap cells by size and shape [78].

Filtration-based methodologies, such as the CanPatrol CTC sys-
tem, employ membrane filters and vacuum pressure [79-82].
After erythrocyte lysis, nucleated cells are size-filtered, and re-
tained CTCs undergo multiple RNA-in situ hybridization (RNA-
ISH) coupled with immunofluorescence phenotyping [83]. Due
to an inhomogeneous electric field, attractive or repulsive forces
are exerted on the cells to separate them. ApoStream separates
CTCs via electric fields. It guides CTCs to migrate toward high-
field regions for collection, whereas leukocytes are repelled via
negative dielectrophoresis. Enriched CTCs are confirmed by mi-
croscopy [84, 85].

Emerging strategies also exploit the metabolic profile of ma-
lignant tumors. The Warburg effect—where cancer cells favor
glucose breakdown via aerobic glycolysis, producing lactic
acid—creates a negative cell surface charge [86]. Thus, magnetic
nanoprobes (MNPs) have been engineered for charge-selective
CTC capture [87-89]. These fluorescent MNPs electrostatically
bind to negatively charged cancer cells without prior labeling
[90, 91]. The technologies mentioned above are summarized in
Table 1.

4 | Clinical Applications of CTCs in Breast Cancer
4.1 | Precancer Screening and Diagnosis

CTCs demonstrate emerging potential as biomarkers for early
BC detection, with studies suggesting their capacity to iden-
tify malignancies prior to radiographic visualization [42].
Comparative analyses indicate that the yields of CTC-based
assays are comparable to those of conventional imaging mo-
dalities (e.g., ultrasonography, mammography, and MRI).
Shao et al. [32] utilized the CytoSorter platform to detect
CTCs. The study included 102 treatment-naive BC patients,
177 patients with benign breast disease (BBD), and 64 healthy
female patients. The detection rates were 91.2%, 40.7%, and
17.2%, respectively. Notably, when two CTCs were used as
the cutoff value for stage I-III BC, the detection rates were
92.9%, 87.2%, and 100%, respectively, underscoring stage-
dependent utility [32]. However, CTCs remain excluded from
clinical screening guidelines, in which the use of serum
prostate-specific antigen (PSA) to screen for prostate cancer
is currently the only blood-based screening biomarker recom-
mended [92]. This disparity reflects persistent limitations in
the clinical translation of CTCs, including low baseline de-
tection rates. For example, a CellSearch-based study reported
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detectable CTCs (>1CTC/7.5mL) in only approximately 20%
of confirmed BC patients, although detection rates positively
correlated with tumor size, histologic grade, and lymph node
involvement [93]. This underscores the insufficiency of CTC
quantification as a standalone diagnostic tool, necessitating
further validation through multicenter trials and standard-
ized protocols [94] (Table 2).

4.2 | Treatment Guidance and Efficacy
Assessment

The molecular profiling of CTCs offers a transformative
approach to precision oncology in BC, enabling real-time
therapeutic guidance through biomarker-driven strategies.
Androgen receptor (AR) expression on CTCs indicates the ef-
ficacy of AR inhibitors [95], whereas estrogen receptor (ER)
status indicates the effectiveness of ER-targeted therapies [96].
Similarly, the detection of topoisomerase 1 (Topl™) CTCs can
identify patients who are likely to derive overall survival (OS)
benefits from Topl inhibitors [97]. PD-L1 detection provides
a valuable predictive and prognostic biomarker for anti-PD-1
immunotherapy responsiveness [92], and patients with PD-1*
CTCs benefit from anti-PD-1 immunotherapy. Zhou et al. [98]
classified 26 patients into PD-L1-negative, PD-L1-low, PD-L1-
intermediate, and PD-L1-high groups on the basis of CTC PD-
L1 expression, revealing dynamic biomarker fluctuations and
superior clinical outcomes (PFS/OS) in high-expression co-
horts receiving immunotherapy. In hormone receptor-positive
MBC, CTC enumeration serves as a critical determinant
for therapeutic stratification. A STIC clinical trial [99, 100]
using CellSearch randomized hormone receptor-positive,
HER2-negative advanced patients into CTC-guided arms
(=5CTCs/7.5mL: chemotherapy; <5CTCs/7.5mL: endocrine
therapy) versus clinician-choice arms. CTC-guided manage-
ment yielded superior median PFS (15.5 vs. 13.9 months) and
OS (51.3 vs. 45.5months), underscoring the prognostic utility
of CTCs in optimizing treatment algorithms. Adjuvant radio-
therapy confers recurrence-free survival (RFS) and OS ben-
efits in CTC-positive patients, highlighting the role of CTCs
in residual risk stratification [101]. Notably, HER2* CTCs can
be present in the peripheral blood of patients whose primary
tumor is HER2", validating the efficacy of HER2-targeted
therapy in this subset. A phase III clinical trial demonstrated
that lapatinib administration in HER2™ MBC patients with
HER2* CTCs induced rapid CTC clearance, which was cor-
related with improved PFS and OS [94], thereby supporting
the use of CTC-based HER2 phenotyping as a therapeutic
imperative.

Longitudinal CTC enumeration and phenotypic profiling
allow for earlier identification of disease progression and ther-
apeutic resistance [102]. CTCs were detected with CanPatrol,
which revealed that treatment responders presented reduced
total CTC counts or a predominance of epithelial CTCs,
whereas disease progression was associated with elevated
total CTCs or the proportion of mesenchymal CTCs [83].
Furthermore, SE-iFISH identifies CD31* CTECs, which are
generated by the endothelialization of tumor cells or the can-
cerization of endothelial cells and are thought to be associated
with angiogenesis. CTECs and CTCs constitute a unique pair

of cellular circulating tumor markers [103]. During neoadju-
vant therapy, CTECs demonstrate a biphasic response—an
initial surge followed by a posttreatment decline [104]. High
expression of Vim may increase the possibility of transendo-
thelial migration of tumor cells and their transformation into
CTCs; therefore, CTEC/CTC coamplification results in an in-
creased likelihood of drug resistance, early recurrence of me-
tastases, and poor DFS [41].

SE-iFISH further extends to cerebrospinal fluid-derived CTCs
(CSFTCs) in leptomeningeal metastasis (LM)—a lethal compli-
cation of BC [105]—to monitor tumor progression and response
to treatment and determine the number of treatments. The up-
regulation of CK18 is associated with progression, cell migra-
tion, metastasis, and recurrence. Intrathecal chemotherapy can
reduce the burden of CSFTCs and CK18. However, <6cycles
provoke rebound proliferation, necessitating sustained treat-
ment [106]. Exome sequencing of CSFTCs revealed potentially
actionable mutations, such as CDK6 V77G mutations, with the
CDK4/6 inhibitor palbociclib demonstrating preclinical efficacy,
suggesting that analyzing CSFTC moleculars can identify mu-
tant drug targets and assist in personalized drug susceptibility
testing [105].

A considerable number of early breast cancers (EBCs) recur
5-20years after treatment, suggesting that minimal residual
disease (MRD) may be present. CTCs exhibit unparalleled sen-
sitivity in detecting MRD, identifying subclinical metastases
>4years prior to being clinically detected [107]. This capacity
positions CTCs as a cornerstone for post-treatment surveillance
in EBC.

4.3 | Prognostic Monitoring

The presence of >1 CTC/7.5mL at baseline in EBC correlates
with early metastatic recurrence and poor prognosis [93, 108].
Bidard and colleagues [109] demonstrated that detectable CTCs
predict larger tumors, inferior survival outcomes, elevated risk
of early recurrence, and reduced pathological complete re-
sponse (pCR). However, CTCs and pCR exhibit minimal cor-
relation, functioning as independent prognostic factors [94, 109].
Perioperative CTC and CTEC enumeration further refine the
prognosis. A preoperative CTEC count >2 independently pre-
dicts decreased PFS in BC patients [110], whereas postoperative
CTC counts strongly correlate with PFS. Postradiotherapy CTC
escalation is associated with reduced DFS and a heightened risk
of recurring metastases [101]. Adjuvant therapy aims to eradi-
cate residual micrometastases, with pre- and postadjuvant che-
motherapy CTCs serving as independent predictors of poor DFS
and OS. Longitudinal CTC surveillance identifies patients at
elevated risk for late recurrence [111], as evidenced by a study
of 574 patients in which CTCs were detected in 96 (2-year fol-
low-up) and 47 (5-year follow-up) cases [112]. Two-year CTC
detection (median one-cell count) confers a 3.9-fold increased
mortality risk and 2.3-fold increased relapse risk [113]. Five-year
CTC positivity is associated with a 6-fold increased risk of recur-
rence [111].

For MBC, CTC counts >5/7.5mL stratify patients into dis-
tinct prognostic cohorts [93]. Galardi et al. [96] stratified MBC
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TABLE2 |
12-Feb-2025).

Some ongoing trials related to the clinical value of CTCs in breast cancer (according: https://clinicaltrials.gov; assessment update time:

Clinicaltrials. No of
gov identifier Title patients Time period Primary endpoints
CTC as pre-cancer screening and diagnosis
NCT01322750 Circulating Tumor Cells (CTCs): A 3125 Dec 2010-Jan 2023 CTCs detection
Potential Screening Test for Clinically
Undetectable Breast Carcinoma
NCT02450357 The Detection of Circulating Tumor Cells (CTCs) 60 Jun 2013-Dec 2015 CTCs detection
in Patients With Breast Cancer Undergoing
Cryosurgery Combined With DC-CIK Treatment
NCT03511859 Detecting Circulating Tumor Cells (CTCs) 210 Nov 2017-Dec 2019 CTCs detection
and Cell Free DNA (cfDNA) in Peripheral
Blood of Breast Cancer (BC) Patients
to Develop the Clinical Application for
Early Detection and Diagnostics
NCT03427450 Harvest of CTCs From MBC Patients Using 421 Mar 2018-Dec 2019 Incidence of CTCs
the Parsortix PC1 System (HOMING)
NCT03958812 Diagnostic Power Comparison 200 Jun 2019-Dec 2020 CTCs detection
Between VOCs and CTCs
NCT05633680 Circulating Tumor Cells Screen for 200 Sep 2019-Aug 2023 CTCs detection
Breast Cancer (CTCSFBC)
NCT04239105 Detection of Circulating Tumor Cells 120 Jan 2020-Dec 2022 CTCs detection
in Breast Cancer Patients Using a Novel
Microfluidic and Raman Spectrum Device
NCTO04241237 Concordance Between Liquid and Tissue Biopsy 120 Jul 2020-Dec 2022 CTCs detection
NCT04962529 Breast Cancer Liquid Biopsy Trial 450 Sep 2020-Jul 2023 CTCs detection
NCT06043661 Early Detection of Breast Cancer 700 Feb 2023-Dec 2025 CTCs detection
CTC for treatment guidance and efficacy assessment
NCT01349842 Circulating Tumor Cells to Guide Chemotherapy 265 Mar 2010-Nov 2018 (N
for Metastatic Breast Cancer (CirCé01)
NCT01322893 Enumeration and Molecular Characterization 150 Mar 2011-Jun 2016 CTCs detection
of Circulating Tumor Cells in Women With
Metastatic Breast Cancer (CTC-MBC)
NCTO01710605 Medico-Economic Interest of Taking 800 Feb 2012-Sep 2018 PFS
Into Account Circulating Tumor Cells
(CTC) to Determine the Kind of First
Line Treatment for Metastatic, Hormone-
Receptors Positive, Breast Cancers
NCT01619111 DETECT III—A Multicenter, Phase III Study 105 Feb 2012-Jan 2022 CTCs clearance rate
to Compare Standard Therapy + Lapatinib
in HER2—-ve MBC-Patients With
HER2+ve CTCs (DETECT III)
NCT01548677 Efficacy Study of Herceptin to Treat HER2- 1317 Apr 2013-Mar 2017 CTCs detection
Negative CTC Breast Cancer (TREAT-CTC)
NCT04817501 Phenotypic Spectrum of CTCs in Tumors of 150 Feb 2014-Dec 2022 CTC phenotype
the Female Reproductive System (CTCs)
NCT02123862 Cultured Circulating Tumor Cells 220 Apr 2014-Apr 2018 CTCs detection
in Prostate and Other Cancers
(Continues)
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TABLE 2 | (Continued)

Clinicaltrials. No of
gov identifier Title patients Time period Primary endpoints
NCT02449837 Investigation of Circulating Tumor Cells From 162 May 2014-Feb 2022 CTCs levels

Cancer Patients Undergoing Radiation Therapy

NCT02602938 Aspirin on CTCs of Advanced Breast 40 Nov 2015-Feb 2017 CTCs detection
and Colorectal Cancer (ACABC)

NCT03732339 CTC in Predicting Neoadjuvant 29 Aug 2018-Jun 2019 CTCs detection
Chemotherapy Among LABC Patients: a
Single-Center, Prospective, Exploratory
Clinical Trial (CTCNeoBC)

NCT03709134 Genomic Markers for Measuring Breast Cancer 100 Oct 2019-Sep 2022 pCR
Response to Neoadjuvant Chemotherapy
NCT04059003 CTC Changes and Efficacy of Neoadjuvant 200 Nov 2019-Aug 2024 CTCs detection
Chemotherapy for Triple-Negative Breast Cancer
NCT03928210 Digoxin Induced Dissolution of CTC Clusters 58 Jul 2020-Dec 2023 CTCs detection
NCT04902937 Association of Adjuvant Radiotherapy of 200 Jul 2021-Dec 2026 CTEC counts

Non-Metastatic Breast Carcinoma With
Immunomodulation and Circulating Tumor Cell
Phenotype in Relation to Patient Age (CETC)

NCT05662345 ACT-MBC: A Prospective Observational 65 Dec 2022-Aug 2026 CTCs detection
Impact Study of Circulating Tumor Cells
(CTCs) in Metastatic Breast Cancer

NCT04504747 Real Time Molecular Analysis of Breast Cancer 150 Nov 2022-Jan 2030 CTCs detection
Receiving Neo-Adjuvant Chemotherapy (NEO-R)

NCT05834699 HER?2 Expression of CTC to Predict 50 Jan 2023-Apr 2025 PFS
Response in HER2-Low Advanced Breast
Cancer Patients Treated With ADC

NCT06067503 Biomarkers to Detect Endocrine 8 May 2024-Jan 2026 CTCs estrogen
Therapy Resistance signaling
NCT06807502 Evaluation of Circulating Tumor Cells (CTC) 93 Feb 2025-Nov 2026 CTCs detection

Relevance in Breast Cancer Follow-Up Using
the ScreenCell Device (PROBE-CTC)

CTCs for prognostic monitor

NCT02904161 Detection of Circulating Tumor Cells 137 Aug 2012-Dec 2016 (0N
in Peripheral Blood From Healthy
Volunteers and Patients With Cancer

NCT02904135 Collection of Circulating Tumor 141 Feb 2014-Dec 2016 (0N
Cells From the Peripheral Blood of
Metastatic Breast Cancer Patients

NCT05326295 Evaluation of Treatment Efficacy by 1000 Mar 2019-Mar 2029 iDFS
Circulating Tumor Cell Phenotype
Surveillance in Breast Cancer Patients

NCT04065321 Circulating Tumor Cell Detection in 500 Oct 2019-Sep 2029 DFS
Patients With Luminal A Breast Cancer

NCT04818125 Circulating Cancer Cells/Macrophage 61 Mar 2021-Jul 2022 Rate of CTCs
HYbrid Cells in Patients With
Breast Cancer. (CARMMYC)

(Continues)
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TABLE 2 | (Continued)
Clinicaltrials. No of
gov identifier Title patients Time period Primary endpoints
NCT04993014 Circulating Tumor Cells and Treatment De- 80 Mar 2021-Apr 2028 DFS
Escalation After Neoadjuvant Therapy for
HER2 Positive Breast Cancer (HER2 Cell)
NCT05360290 CTCs in Breast Cancer After Neoadjuvant 484 Sep 2022-Jun 2029 iDFS
Treatment and Surgery: A Multicenter,
Prospective Clinical Trial (CTCNeoBC-E)
NCT06048835 Circulating Tumor Cells Characterization 80 Dec 2022-Dec 2024 CTC detection
in Breast Cancer Patients (BioCellPhe)
NCT05834686 HER?2 Expression of CTC to Predict 50 Jan 2023-Apr 2025 PFS

Response in HER2-positive Advanced Breast

Cancer Patients Treated With ADC

Abbreviations: DFS: disease-free survival, iDFS: invasive disease-free survival, OS: overall survival, pCR: pathologic complete response, PFS: progression-free

survival.

patients on the basis of serial CTC monitoring and discovered
that >1 CTC after the first treatment cycle predicted inferior
PFS compared with their CTC-negative counterparts. A >3
CTC increase from baseline was associated with a shorter PFS,
whereas a posttreatment >5 CTC increase was associated with
a shorter time to treatment failure (TTF). For hormone receptor-
positive/HER2-negative MBC, the CTC-driven classification
(“Stage I'V-aggressive”: > 5 CTCs; “Stage IV-indolent”: <5 CTCs)
independently predicts OS, with the indolent subgroup deriving
maximal PFS/OS benefits from CDK4/6 inhibitors (e.g., abe-
maciclib) [114].

CTC-CTEC interactions synergistically drive lymphatic and he-
matogenous dissemination, while phenotypic profiling reveals
the metastatic potential of these interactions. The immunolog-
ical checkpoint PD-L1 and the mesenchymal-type marker Vim
expressed on CTCs/CTECs indicate increased invasiveness and
poor prognosis in MBC. Vardas et al. [115] investigated elevated
PD-L1 and Vim expression on CTCs in metastatic versus early-
stage patients, both of which are associated with reduced PFS
and OS. Similarly, Todenhofer et al. [116] described vim* CTC
enrichment in advanced disease, whereas Liu et al. [117] demon-
strated epithelial-mesenchymal plasticity in CTCs as a determi-
nant of lung metastatic tropism.

Although CTCs have been shown to act as biomarkers of poor
prognosis in BC patients, sufficient evidence to supersede estab-
lished prognostic determinants such as primary tumor size (T),
nodal involvement (N), or genetic analysis is currently lacking
[22, 118] (Figure 1).

4.4 | Exosomes in BC: From CTC Dynamics to
Nanomedicine Innovations

Exosomes are subtypes of nanosized (30 to 150 nm) vesicles re-
leased from most cell types into biological fluids and are char-
acterized by a lipid bilayer membrane encapsulating functional
biomolecules such as nucleic acids (DNA, RNA), proteins,
and lipids [10, 119]. Notably, cancer cells, including CTCs, ex-
hibit greater exosome secretion than normal cells do, with

tumor-derived exosomes (TDEs) serving as molecular snapshots
of parental cell states [12]. These TDEs not only reflect tumor
dynamics but also hold promise as non-invasive biomarkers for
real-time therapeutic monitoring.

Emerging evidence underscores the pivotal role of exosomes
in BC progression through multiple mechanisms: TDEs facil-
itate tumor invasion and metastasis by remodeling the tumor
microenvironment (TME) [5, 12, 120]. They transport pro-
angiogenic mediators (e.g., VEGF and MMPs) to endothelial
cells, driving neovascularization, which is critical for meta-
static dissemination [121, 122]. TDEs mediate intercellular
communication between drug-resistant and drug-sensitive
cancer cells via the transfer of proteins, miRNAs (e.g., miR-
23b), and other cargo. This horizontal transfer induces multi-
drug resistance (MDR) by promoting dormancy and evading
chemotherapeutic cytotoxicity [122, 123]. Leveraging their
biocompatibility, membrane permeability, and ability to by-
pass P-glycoprotein-mediated drug resistance, exosomes out-
perform synthetic nanocarriers as targeted chemotherapeutic
delivery systems [122, 124]. TDEs express tumor-specific
antigens capable of eliciting antitumor immune responses,
positioning them as ideal vectors for next-generation nanovac-
cines against BC [122, 125].

Collectively, exosomes released by tumor cells serve as carriers
of diverse biomarkers and have been implicated in pivotal mech-
anisms underlying the pathophysiology of BC [120].

4.5 | NcRNAs in BC CTCs: Biomarkers and Clinical
Implications

NcRNAs are functional RNA molecules transcribed from DNA
but not translated into proteins. On the basis of their nucleotide
length, ncRNAs are categorized into two major types: long non-
coding RNAs (IncRNAs; > 200 nucleotides) and small noncoding
RNAsS (sncRNAs; <200 nucleotides) [126]. LncRNAs play a regu-
latory role in protein and miRNA function and expression levels
[127]. SncRNAs can be classified into diverse subtypes, including
miRNAs, small nucleolar RNAs (snoRNASs), and small nuclear
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RNAs (snRNAs), with miRNAs being the most extensively studied
in oncology [126, 128]. Notably, miRNAs are actively secreted by
CTCs and tumor cells into the extracellular milieu as circulating
miRNASs [11, 129-131]. CTC-derived miRNAs serve as ideal bio-
markers for real-time tumor profiling, as dysregulation of specific
miRNAs is correlated with disease progression, enabling dynamic
risk stratification and therapeutic assessment [132, 133].

Tumor-associated miRNA profiling has demonstrated clinical
utility in identifying high-risk populations for BC development
[129]. Elevated miRNA levels are observed in CTC-positive pa-
tients, reflecting their role in oncogenesis. miRNAs can promote
or inhibit tumor development by up- or downregulating the ex-
pression of oncogenes and tumor suppressor genes (TSGs). For
example, compared with conventional biomarkers (e.g., CA153
and CEA), circulating miR-21 has superior diagnostic sensitivity
for early-stage BC [133, 134], primarily through the targeting of
oncogenic pathways [129]. Furthermore, miR-155, miR-19a, and
other miRNAs known to suppress TSGs are significantly upreg-
ulated in ductal carcinoma in situ (DCIS) and invasive ductal
carcinoma (IDC) compared with normal tissue and atypical
ductal hyperplasia (ADH) in serum samples, suggesting their
potential in differentiating BC stages [135]. In addition to single-
miRNA assays, combinatorial miRNA panels enhance diagnos-
tic precision. A study utilizing a 9-miRNA panel demonstrated
higher overall expression in BC at stages I, II, and III than in
stage IV, indicating stage-specific molecular dynamics [136].

miRNAs also hold prognostic significance. Elevated miR-21 ex-
pression is correlated with reduced OS and increased recurrence

risk in BC [137], whereas miR-10b—a driver of cell migration
and invasion—is linked to metastatic progression and poor prog-
nosis [138]. Similarly, miR-155, which modulates immune eva-
sion and inflammatory pathways, is associated with advanced
lymph node metastasis and unfavorable outcomes [132, 139].

In therapeutic monitoring, dynamic miRNA quantification
provides actionable insights. Postoperative and postchemora-
diation decreases in miR-21 and miR-155 levels reflect treat-
ment efficacy, positioning miRNAs as biomarkers for response
assessment [132, 140]. In HER2-positive BC, neoadjuvant tras-
tuzumab therapy reduces miR-21 expression, underscoring its
utility in monitoring HER2-targeted regimens [141].

Despite these advances, CTC-based miRNA analysis faces
methodological challenges, including low specificity, technical
limitations in enrichment, and heterogeneity in miRNA cargo
[142]. To address this, multi-miRNA panels—rather than single-
miRNA assays—are advocated to improve diagnostic accu-
racy, treatment monitoring, and long-term management in BC
[143, 144]. Integrating miRNA profiling with other biomarkers
may further enhance clinical utility [145, 146].

5 | Challenges and Future Perspectives

To fully harness the clinical potential of CTCs and CTECs in ad-
vancing multidisciplinary cancer management—encompassing
early disease stratification, therapeutic optimization, real-time
efficacy evaluation, therapy resistance surveillance, minimal
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residual disease (MRD) detection, and posttreatment recurrence
monitoring—integration of multiparametric analyses (including
genomic, transcriptomic, proteomic, and morphological pro-
filing) is imperative [147, 148]. Despite accumulating evidence
supporting their prognostic and predictive utility, there are still
numerous obstacles and room for progress. Given tumors' intrin-
sic heterogeneity, CTCs—as biomarkers reflecting in vivo tumor
characteristics—inevitably exhibit heterogeneity [149]. Whereas
this poses technical challenges in detection, it partially compen-
sates for the limited information provided by single-site biopsies
[150]. Heterogeneity in CTC/CTEC, coupled with the absence
of standardized protocols for capturing all subtypes (e.g., EMT-
induced or necrotic CTCs), restricts their application [9, 151]. We
propose the development of unified and standardized CTC/CTEC
detection methods and analytical methodologies to increase the
clinical utility, accuracy, and cost-effectiveness of these methods.
Additionally, CTC/CTEC cannot guide diagnosis or treatment as
a clinical standard alone but can only be used as an auxiliary tool.
Current screening tools must meet criteria such as speed, conve-
nience, affordability, and non-invasiveness [152]. While CTC de-
tection is non-invasive and addresses limitations of conventional
methods, its higher cost and longer turnaround time (3-5days
versus immediate imaging results) currently limit its utility as a
routine screening tool [29, 63]. More evidence is needed to sup-
port their independent role. Consequently, there is still a gap be-
tween clinical research and routine clinical adoption.

Emerging evidence highlights that the quantity of CTCs varies
in response to circadian rhythms and hormone levels, peaking
at rest [153], necessitating chronobiology-informed sampling
strategies to maximize detection sensitivity. Currently, the indi-
cators of efficacy are the change in CTC count and the propor-
tion of necrotic cells, but there are no standardized criteria. In
the future, a precise standard value or range for the proportion of
necrotic cells will need to be formulated to clarify whether and
to what extent the treatment is effective. Furthermore, tropho-
blast cell surface antigen-2 (Trop-2) has emerged as a therapeu-
tically exploitable target, with Trop-2-directed antibody-drug
conjugates (ADCs) demonstrating efficacy across multiple ma-
lignancies, such as prostate, lung, and breast cancer [154-156].
Additionally, they can benefit people who have become resis-
tant to medications. The expression of Trop-2 on CTCs could be
the subject of additional clinical trial research and could be the
focus of upcoming medication development.

CTECs, which are characterized by their hybrid epithelial-en-
dothelial-mesenchymal attributes and function as both vascu-
lar mediators and malignant propagators, are thought to play
a significant role in the development, spread, and metastasis of
tumors [103, 110]. In regard to treatment resistance and disease
progression, eliminating CTECs in cancer patients may be an-
other way to prevent the spread of cancer effectively.

CTC detection technologies have evolved from forward-
enrichment approaches to emerging reverse-enrichment
methods. The former demonstrates high specificity but has
limited sensitivity and a narrow clinical applicability popu-
lation [26]. Nonetheless, its clinical value has been validated
through Phase III trials in lung/breast cancer and regulatory
approvals [23, 157]. Although the CTC reverse enrichment
method reduces specificity, its sensitivity is significantly

improved, making it suitable for a wider population, including
early-stage and follow-up patients [62]. However, strict design,
large sample size, and randomized controlled clinical research
results are required to be accepted by regulatory authorities
and clinical practice. In the future, our focus should be on
improving technology, reducing false positives, establishing
population-specific cutoff values, and conducting Phase III
studies to confirm clinical efficacy.

6 | Conclusion

Recent technological breakthroughs in CTC detection, partic-
ularly SE-iFISH, have significantly improved the sensitivity
and specificity of CTC identification while enabling com-
prehensive molecular characterization. These innovations
have prompted a resurgence in CTC research, particularly
in understanding their role in tumor biology and metastatic
progression. Clinically, adopting such technologies has now
expanded the utility of CTC, offering real-time monitoring
of tumor dynamics, including genetic alterations, marker ex-
pression, and therapeutic responses.

This review systematically delineates the clinical significance of
CTCs in BC. By synthesizing current evidence, we emphasize
the potential of CTCs and their derivatives to serve as dynamic
biomarkers for tumor burden, metastasis, and treatment resis-
tance. Notably, advanced codetection strategies for aneuploid
CTCs and CTECs enhance patient management by enabling
early diagnosis, risk stratification, and personalized therapeutic
interventions. Our analysis underscores the imperative to trans-
late experimental discoveries into clinical workflows, ultimately
improving outcomes in BC and broader malignancies.

Author Contributions

The corresponding author takes full responsibility that all authors on
this publication have met the following required criteria of eligibility
for authorship: (a) significant contributions to the design of article con-
cepts and frameworks; (b) drafting or revising the article for intellectual
content; (c) final approval of the published article; and (d) agreement to
be accountable for all aspects of the article thus ensuring that questions
related to the accuracy or integrity of any part of the article are appro-
priately investigated and resolved. Nobody who qualifies for authorship
has been omitted from the list.

Acknowledgments

We acknowledge and thank the following fund for help with our ar-
ticle: National Key Research and Development Program/International
Cooperation in Science and Technology Innovation/Key Special
Projects of Hong Kong, Macao, and Taiwan Cooperation in Science and
Technology Innovation (2019YFE0196500). Natural Science Foundation
of Zhejiang Province, China (grant number: TGD23H160004).

Disclosure

The work has never been published nor is under consideration else-
where, that all authors agree with its content, and agree to transfer the
copyright to FESEO if accepted for publication.

Conflicts of Interest

The authors declare no conflicts of interest.

11 of 16



Data Availability Statement

Data sharing not applicable to this article as no datasets were generated
or analysed during the current study.

References

1. M. M. Elanany, D. Mostafa, and N. M. Hamdy, “Remodeled Tumor
Immune Microenvironment (TIME) Parade via Natural Killer Cells
Reprogramming in Breast Cancer,” Life Sciences 330 (2023): 121997.

2.E. Obeagu, I and G. U. Obeagu, “Breast Cancer: A Review of Risk
Factors and Diagnosis,” Medicine 103, no. 3 (2024): e36905.

3.Y. F. Chiang, K. C. Huang, H. Y. Chen, et al., “Hinokitiol Inhibits
Breast Cancer Cells In Vitro Stemness-Progression and Self-Renewal
With Apoptosis and Autophagy Modulation via the CD44/Nanog/
SOX2/Oct4 Pathway,” International Journal of Molecular Sciences 25,
no. 7 (2024): 3904.

4.F. Pesapane, K. Downey, A. Rotili, et al., “Imaging Diagnosis of
Metastatic Breast Cancer,” Insights Into Imaging 11, no. 1 (2020): 79.

5. M. Tellez-Gabriel, E. Knutsen, and M. Perander, “Current Status
of Circulating Tumor Cells, Circulating Tumor DNA, and Exosomes
in Breast Cancer Liquid Biopsies,” International Journal of Molecular
Sciences 21, no. 24 (2020): 9457.

6. M. M. Mahmoud, E. F. Sanad, R. A. A. Elshimy, et al., “Competitive
Endogenous Role of the LINC00511/miR-185-3p Axis and miR-301a-3p
From Liquid Biopsy as Molecular Markers for Breast Cancer Diagnosis,”
Frontiers in Oncology 11 (2021): 749753.

7.Z.8S. Sayed, M. G. Khattap, M. A. Madkour, et al., “Circulating Tumor
Cells Clusters and Their Role in Breast Cancer Metastasis: A Review of
Literature,” Discover Oncology 15, no. 1 (2024): 94.

8.Z.Jiang,J. He, B. Zhang, et al., “A Potential “Anti-Warburg Effect” in
Circulating Tumor Cell-Mediated Metastatic Progression?,” Aging and
Disease 16, no. 1 (2024): 269-282.

9. M. Tellez-Gabriel, M. F. Heymann, and D. Heymann, “Circulating
Tumor Cells as a Tool for Assessing Tumor Heterogeneity,” Theranostics
9, no. 16 (2019): 4580-4594.

10. S. Alimirzaie, M. Bagherzadeh, and M. R. Akbari, “Liquid Biopsy
in Breast Cancer: A Comprehensive Review,” Clinical Genetics 95, no.
6(2019): 643-660.

11. K. Nemeth, R. Bayraktar, M. Ferracin, et al., “Non-Coding RNAs in
Disease: From Mechanisms to Therapeutics,” Nature Reviews. Genetics
25, no. 3 (2024): 211-232.

12. K. M. Mcandrews and R. Kalluri, “Mechanisms Associated With
Biogenesis of Exosomes in Cancer,” Molecular Cancer 18, no. 1 (2019):
52.

13. M. Nikanjam, S. Kato, and R. Kurzrock, “Liquid Biopsy: Current
Technology and Clinical Applications,” Journal of Hematology &
Oncology 15, no. 1 (2022): 131.

14. A. Ring, B. D. Nguyen-Strduli, A. Wicki, et al., “Biology,
Vulnerabilities and Clinical Applications of Circulating Tumour Cells,”
Nature Reviews. Cancer 23, no. 2 (2023): 95-111.

15. A. Kotsifaki, S. Maroulaki, and A. Armakolas, “Exploring the
Immunological Profile in Breast Cancer: Recent Advances in Diagnosis
and Prognosis Through Circulating Tumor Cells,” International Journal
of Molecular Sciences 25, no. 9 (2024): 4832.

16. T. R. Ashworth, “A Case of Cancer in Which Cells Similar to Those
in the Tumours Were Seen in the Blood After Death,” Australasian
Medical Journal 14 (1869): 146-149.

17. X. Zhang, P. Xie, K. Zhang, et al., “Circulating Tumour Cell Isolation,
Analysis and Clinical Application,” Cellular Oncology 46, no. 3 (2023):
533-544.

18. P. C. Nowell, “The Clonal Evolution of Tumor Cell Populations,”
Science 194, no. 4260 (1976): 23-28.

19. Q. Wu, Z. Gu, B. Shang, et al., “Circulating Tumor Cell Clustering
Modulates RNA Splicing and Polyadenylation to Facilitate Metastasis,”
Cancer Letters 588 (2024): 216757.

20.7J. Qiu, D. Qian, Y. Jiang, et al., “Circulating Tumor Biomarkers in
Early-Stage Breast Cancer: Characteristics, Detection, and Clinical
Developments,” Frontiers in Oncology 13 (2023): 1288077.

21. M. M. Ferreira, V. C. Ramani, and S. S. Jeffrey, “Circulating Tumor
Cell Technologies,” Molecular Oncology 10, no. 3 (2016): 374-394.

22.A. K. Cani and D. F. Hayes, “Breast Cancer Circulating Tumor
Cells: Current Clinical Applications and Future Prospects,” Clinical
Chemistry 70, no. 1 (2024): 68-80.

23.R. Lawrence, M. Watters, C. R. Davies, et al., “Circulating Tumour
Cells for Early Detection of Clinically Relevant Cancer,” Nature Reviews.
Clinical Oncology 20, no. 7 (2023): 487-500.

24.E. Racila, D. Euhus, A. J. Weiss, et al., “Detection and
Characterization of Carcinoma Cells in the Blood,” Proceedings of the
National Academy of Sciences of the United States of America 95, no. 8
(1998): 4589-4594.

25. M. Zubair, S. Wang, and N. Ali, “Advanced Approaches to Breast
Cancer Classification and Diagnosis,” Frontiers in Pharmacology 11
(2020): 632079.

26. P. Gogoi, S. Sepehri, Y. Zhou, et al., “Development of an Automated
and Sensitive Microfluidic Device for Capturing and Characterizing
Circulating Tumor Cells (CTCs) From Clinical Blood Samples,” PLoS
One 11, no. 1 (2016): €0147400.

27. C. Reduzzi, S. Di Cosimo, L. Gerratana, et al., “Circulating Tumor
Cell Clusters Are Frequently Detected in Women With Early-Stage
Breast Cancer,” Cancers 13, no. 10 (2021): 2356.

28.S. Riethdorf, L. O'flaherty, C. Hille, et al., “Clinical Applications of
the CellSearch Platform in Cancer Patients,” Advanced Drug Delivery
Reviews 125 (2018): 102-121.

29. M. Tamminga, K. C. Andree, T. J. N. Hiltermann, et al., “Detection
of Circulating Tumor Cells in the Diagnostic Leukapheresis Product
of Non-Small-Cell Lung Cancer Patients Comparing CellSearch() and
ISET,” Cancers 12, no. 4 (2020): 896.

30.S. De Wit, M. Manicone, E. Rossi, et al., “EpCAM(High) and
EpCAM(Low) Circulating Tumor Cells in Metastatic Prostate and
Breast Cancer Patients,” Oncotarget 9, no. 86 (2018): 35705-35716.

31. C. Burz, V. V. Pop, R. Buiga, et al., “Circulating Tumor Cells in
Clinical Research and Monitoring Patients With Colorectal Cancer,”
Oncotarget 9, no. 36 (2018): 24561-24571.

32.X. Shao, X. Jin, Z. Chen, et al., “A Comprehensive Comparison of
Circulating Tumor Cells and Breast Imaging Modalities as Screening
Tools for Breast Cancer in Chinese Women,” Frontiers in Oncology 12
(2022): 890248.

33. L. Jin, W. Zhao, J. Zhang, et al., “Evaluation of the Diagnostic Value
of Circulating Tumor Cells With CytoSorter() CTC Capture System in
Patients With Breast Cancer,” Cancer Medicine 9, no. 5 (2020): 1638-1647.

34.X. Xie, L. Wang, X. Wang, et al., “Evaluation of Cell Surface
Vimentin Positive Circulating Tumor Cells as a Diagnostic Biomarker
for Lung Cancer,” Frontiers in Oncology 11 (2021): 672687.

35. A. J. Armstrong, S. Halabi, J. Luo, et al., “Prospective Multicenter
Validation of Androgen Receptor Splice Variant 7 and Hormone
Therapy Resistance in High-Risk Castration-Resistant Prostate Cancer:
The PROPHECY Study,” Journal of Clinical Oncology 37, no. 13 (2019):
1120-1129.

36. V. Miiller, S. Riethdorf, B. Rack, et al., “Prognostic Impact of
Circulating Tumor Cells Assessed With the CellSearch System and

12 of 16

Cancer Medicine, 2025



AdnaTest Breast in Metastatic Breast Cancer Patients: The DETECT
Study,” Breast Cancer Research 14, no. 4 (2012): R118.

37.T. M. Gorges, A. Stein, J. Quidde, et al., “Improved Detection
of Circulating Tumor Cells in Metastatic Colorectal Cancer by the
Combination of the CellSearch System and the AdnaTest,” PLoS One 11,
no. 5(2016): €0155126.

38. B. Aktas, S. Kasimir-Bauer, M. Heubner, et al., “Molecular Profiling
and Prognostic Relevance of Circulating Tumor Cells in the Blood of
Ovarian Cancer Patients at Primary Diagnosis and After Platinum-
Based Chemotherapy,” International Journal of Gynecological Cancer
21, no. 5 (2011): 822-830.

39. A. S. Rzhevskiy, G. R. Sagitova, T. A. Karashaeva, et al., “A
Comprehensive Review and Meta-Analysis of CTC Isolation Methods
in Breast Cancer,” Critical Reviews in Oncology/Hematology 206 (2025):
104579.

40. P. Sepe, G. Procopio, C. C. Pircher, et al., “A Phase II Study
Evaluating the Efficacy of Enzalutamide and the Role of Liquid Biopsy
for Evaluation of ARv7 in mCRPC Patients With Measurable Metastases
Including Visceral Disease (Excalibur Study),” Therapeutic Advances in
Medical Oncology 16 (2024): 17588359231217958.

41.S. Y. Bae, K. J. Kamalanathan, C. Galeano-Garces, et al.,
“Dissemination of Circulating Tumor Cells in Breast and Prostate
Cancer: Implications for Early Detection,” Endocrinology 165, no. 4
(2024): bqae022.

42.D. Lin, L. Shen, M. Luo, et al., “Circulating Tumor Cells: Biology
and Clinical Significance,” Signal Transduction and Targeted Therapy
6, n0. 1(2021): 404.

43. A. H. Talasaz, A. A. Powell, D. E. Huber, et al., “Isolating Highly
Enriched Populations of Circulating Epithelial Cells and Other Rare
Cells From Blood Using a Magnetic Sweeper Device,” Proceedings of the
National Academy of Sciences of the United States of America 106, no. 10
(2009): 3970-3975.

44.G. M. Cann, Z. G. Gulzar, S. Cooper, et al., “mRNA-Seq of Single
Prostate Cancer Circulating Tumor Cells Reveals Recapitulation of
Gene Expression and Pathways Found in Prostate Cancer,” PLoS One
7, no. 11 (2012): e49144.

45. R.Ishibashi, S. Yoshida, N. Odawara, et al., “Detection of Circulating
Colorectal Cancer Cells by a Custom Microfluid System Before and
After Endoscopic Metallic Stent Placement,” Oncology Letters 18, no. 6
(2019): 6397-6404.

46. M. H. Park, E. Redtegui, W. Li, et al., “Enhanced Isolation and
Release of Circulating Tumor Cells Using Nanoparticle Binding and
Ligand Exchange in a Microfluidic Chip,” Journal of the American
Chemical Society 139, no. 7 (2017): 2741-2749.

47.B. Wang, S. Zhang, J. Meng, et al., “Evaporation-Induced rGO
Coatings for Highly Sensitive and Non-Invasive Diagnosis of Prostate
Cancer in the PSA Gray Zone,” Advanced Materials 33, no. 40 (2021):
€2103999.

48. M. Kanayama, T. Kuwata, M. Mori, et al., “Prognostic Impact of
Circulating Tumor Cells Detected With the Microfluidic ‘Universal
CTC-Chip’ for Primary Lung Cancer,” Cancer Science 113, no. 3 (2022):
1028-1037.

49. C. Wang, Y. Xu, S. Li, et al., “Designer Tetrahedral DNA Framework-
Based Microfluidic Technology for Multivalent Capture and Release of
Circulating Tumor Cells,” Materials Today Bio 16 (2022): 100346.

50. M. A. Witek, R. D. Aufforth, H. Wang, et al., “Discrete Microfluidics
for the Isolation of Circulating Tumor Cell Subpopulations Targeting
Fibroblast Activation Protein Alpha and Epithelial Cell Adhesion
Molecule,” NPJ Precision Oncology 1 (2017): 24.

51.S. V. Nair, M. A. Witek, J. M. Jackson, et al., “Enzymatic Cleavage
of Uracil-Containing Single-Stranded DNA Linkers for the Efficient

Release of Affinity-Selected Circulating Tumor Cells,” Chemical
Communications 51, no. 15 (2015): 3266-3269.

52.J. M. Jackson, M. A. Witek, M. L. Hupert, et al., “UV Activation
of Polymeric High Aspect Ratio Microstructures: Ramifications in
Antibody Surface Loading for Circulating Tumor Cell Selection,” Lab
on a Chip 14, no. 1 (2014): 106-117.

53.T. Kuwata, K. Yoneda, M. Mori, et al., “Detection of Circulating
Tumor Cells (CTCs) in Malignant Pleural Mesothelioma (MPM) With
the ‘Universal’ CTC-Chip and an Anti-Podoplanin Antibody NZ-1.2,”
Cells 4 (2020): 9.

54.G. Theil, K. Fischer, E. Weber, et al., “The Use of a New Cell
Collector to Isolate Circulating Tumor Cells From the Blood of Patients
With Different Stages of Prostate Cancer and Clinical Outcomes—A
Proof-Of-Concept Study,” PLoS One 11, no. 8 (2016): e0158354.

55.T. M. Gorges, N. Penkalla, T. Schalk, et al., “Enumeration and
Molecular Characterization of Tumor Cells in Lung Cancer Patients
Using a Novel In Vivo Device for Capturing Circulating Tumor Cells,”
Clinical Cancer Research 22, no. 9 (2016): 2197-2206.

56. F. Li,J. Li, Y. Yuan, et al., “A Real-World Comparison of Circulating
Tumor Cells in Breast Cancer From China: Novel Device, CTC Counts
and Its Overall Survival,” Heliyon 10, no. 7 (2024): €29217.

57. S.Fuloria,V.Subramaniyan, G. Gupta, etal., “Detection of Circulating
Tumor Cells and Epithelial Progenitor Cells: A Comprehensive Study,”
Journal of Environmental Pathology, Toxicology and Oncology 42, no. 3
(2023): 1-29.

58. W. A. Cieslikowski, P. Milecki, M. Swierczewska, et al., “Baseline
CTC Count as a Predictor of Long-Term Outcomes in High-Risk
Prostate Cancer,” Journal of Persian Medicine 13, no. 4 (2023): 608.

59. G. C.Duan, X. P. Zhang, H. E. Wang, et al., “Circulating Tumor Cells
as a Screening and Diagnostic Marker for Early-Stage Non-Small Cell
Lung Cancer,” Oncotargets and Therapy 13 (2020): 1931-1939.

60. A. Drucker, E. M. Teh, R. Kostyleva, et al., “Comparative
Performance of Different Methods for Circulating Tumor Cell
Enrichment in Metastatic Breast Cancer Patients,” PLoS One 15, no. 8
(2020): €0237308.

61. M. Sharifi, B. Zarrin, M. Bahri Najafi, et al., “Integrin a6 4
on Circulating Tumor Cells of Metastatic Breast Cancer Patients,”
Advanced Biomedical Research 10 (2021): 16.

62.X. Chong, Y. Li, J. Lu, et al., “Tracking Circulating PD-L1-Positive
Cells to Monitor the Outcome of Patients With Gastric Cancer Receiving
Anti-HER2 Plus Anti-PD-1 Therapy,” Human Cell 37, no. 1 (2024):
258-270.

63. A.Y.Lin,D.D. Wang, L. Li, et al., “Identification and Comprehensive
Co-Detection of Necrotic and Viable Aneuploid Cancer Cells in
Peripheral Blood,” Cancers 13, no. 20 (2021): 5108.

64. L. Zhang, X. Zhang, Y. Liu, et al., “PD-L1(+) Aneuploid Circulating
Tumor Endothelial Cells (CTECs) Exhibit Resistance to the Checkpoint
Blockade Immunotherapy in Advanced NSCLC Patients,” Cancer
Letters 469 (2020): 355-366.

65.Y. Xu, T. Qin, J. Li, et al., “Detection of Circulating Tumor Cells
Using Negative Enrichment Immunofluorescence and an In Situ
Hybridization System in Pancreatic Cancer,” International Journal of
Molecular Sciences 18, no. 4 (2017): 622.

66. H. Cheng, S. Wang, W. Luan, et al., “Combined Detection and
Subclass Characteristics Analysis of CTCs and CTECs by SE-iFISH in
Ovarian Cancer,” Chinese Journal of Cancer Research 33, no. 2 (2021):
256-270.

67.F. Ge, H. Zhang, D. D. Wang, et al.,, “Enhanced Detection and
Comprehensive In Situ Phenotypic Characterization of Circulating
and Disseminated Heteroploid Epithelial and Glioma Tumor Cells,”
Oncotarget 6, no. 29 (2015): 27049-27064.

13 0of 16



68. P. P. Lin, O. Gires, D. D. Wang, et al., “Comprehensive In Situ Co-
Detection of Aneuploid Circulating Endothelial and Tumor Cells,”
Scientific Reports 7, no. 1 (2017): 9789.

69.Z. Qiao, X. Teng, A. Liu, et al., “Novel Isolating Approaches to
Circulating Tumor Cell Enrichment Based on Microfluidics: A Review,”
Micromachines 15, no. 6 (2024): 706.

70. E. N. Cohen, G. Jayachandran, R. G. Moore, et al., “A Multi-Center
Clinical Study to Harvest and Characterize Circulating Tumor Cells
From Patients With Metastatic Breast Cancer Using the Parsortix() PC1
System,” Cancers 14, no. 21 (2022): 5238.

71. G. Wishart, A. Templeman, F. Hendry, et al., “Molecular Profiling of
Circulating Tumour Cells and Circulating Tumour DNA: Complementary
Insights From a Single Blood Sample Utilising the Parsortix() System,”
Current Issues in Molecular Biology 46, no. 1 (2024): 773-787.

72.]J. Chudziak, D. J. Burt, S. Mohan, et al., “Clinical Evaluation of a
Novel Microfluidic Device for Epitope-Independent Enrichment of
Circulating Tumour Cells in Patients With Small Cell Lung Cancer,”
Analyst 141, no. 2 (2016): 669-678.

73.A. Templeman, M. C. Miller, M. J. Cooke, et al., “Analytical
Performance of the FDA-Cleared Parsortix() PC1 System,” Journal of
Circulating Biomarkers 12 (2023): 26-33.

74.E. N. Cohen, G. Jayachandran, M. R. Hardy, et al., “Antigen-
Agnostic Microfluidics-Based Circulating Tumor Cell Enrichment and
Downstream Molecular Characterization,” PLoS One 15, no. 10 (2020):
€0241123.

75.].Yin, Z. Wang, G. Li, et al., “Characterization of Circulating Tumor
Cells in Breast Cancer Patients by Spiral Microfluidics,” Cell Biology
and Toxicology 35, no. 1 (2019): 59-66.

76.Y. Lee, G. Guan, and A. A. Bhagat, “ClearCell FX, a Label-Free
Microfluidics Technology for Enrichment of Viable Circulating Tumor
Cells,” Cytometry. Part A 93, no. 12 (2018): 1251-1254.

77.C. A. Lemaire, S. Z. Liu, C. L. Wilkerson, et al., “Fast and Label-
Free Isolation of Circulating Tumor Cells From Blood: From a Research
Microfluidic Platform to an Automated Fluidic Instrument, VTX-1
Liquid Biopsy System,” SLAS Technology: Translating Life Sciences
Innovation 23, no. 1 (2018): 16-29.

78. E. Sollier-Christen, C. Renier, T. Kaplan, et al., “VTX-1 Liquid Biopsy
System for Fully-Automated and Label-Free Isolation of Circulating
Tumor Cells With Automated Enumeration by BioView Platform,”
Cytometry. Part A 93, no. 12 (2018): 1240-1245.

79.Y. Huangfu, J. Guo, Y. Zhao, et al.,, “Linking EMT Status of
Circulating Tumor Cells to Clinical Outcomes in Lung Cancer,” Cancer
Management and Research 16 (2024): 325-336.

80.J.Li, Y. Liao, Y. Ran, et al., “Evaluation of Sensitivity and Specificity
of CanPatrol Technology for Detection of Circulating Tumor Cells in
Patients With Non-Small Cell Lung Cancer,” BMC Pulmonary Medicine
20, no. 1 (2020): 274.

81.J. H. Ye, J. Yu, M. Y. Huang, et al.,, “The Correlation Study
Between TOP2A Gene Expression in Circulating Tumor Cells and
Chemotherapeutic Drug Resistance of Patients With Breast Cancer,”
Breast Cancer 31, no. 3 (2024): 417-425.

82. F. Pei, Z. Tao, Q. Lu, et al., “Octamer-Binding Transcription Factor
4-Positive Circulating Tumor Cell Predicts Worse Treatment Response
and Survival in Advanced Cholangiocarcinoma Patients Who Receive
Immune Checkpoint Inhibitors Treatment,” World Journal of Surgical
Oncology 22, no. 1 (2024): 110.

83.X. Guan, F. Ma, C. Li, et al.,, “The Prognostic and Therapeutic
Implications of Circulating Tumor Cell Phenotype Detection Based
on Epithelial-Mesenchymal Transition Markers in the First-Line
Chemotherapy of HER2-Negative Metastatic Breast Cancer,” Cancer
Communications 39, no. 1 (2019): 1.

84.F. Le Du, T. Fujii, K. Kida, et al., “EpCAM-Independent Isolation of
Circulating Tumor Cells With Epithelial-To-Mesenchymal Transition
and Cancer Stem Cell Phenotypes Using ApoStream in Patients With
Breast Cancer Treated With Primary Systemic Therapy,” PLoS One 15,
no. 3 (2020): €0229903.

85.D. J. O'shannessy, D. W. Davis, K. Anderes, et al., “Isolation of
Circulating Tumor Cells From Multiple Epithelial Cancers With
ApoStream() for Detecting (or Monitoring) the Expression of Folate
Receptor Alpha,” Biomarker Insights 11 (2016): 7-18.

86. O. Warburg, “On the Origin of Cancer Cells,” Science 123, no. 3191
(1956): 309-314.

87. P. Liu, P. Jonkheijm, L. Terstappen, et al., “Magnetic Particles for
CTC Enrichment,” Cancers 12, no. 12 (2020): 3525.

88. S.Fathi Karkan, M. Mohammadhosseini, Y. Panahi, et al., “Magnetic
Nanoparticles in Cancer Diagnosis and Treatment: A Review,” Artificial
Cells, Nanomedicine, and Biotechnology 45, no. 1 (2017): 1-5.

89.S.Wu, L. Gu, J. Qin, et al., “Rapid Label-Free Isolation of Circulating
Tumor Cells From Patients' Peripheral Blood Using Electrically Charged
Fe(3)O(4) Nanoparticles,” ACS Applied Materials & Interfaces 12, no. 4
(2020): 4193-4203.

90. B. Chen, W. Le, Y. Wang, et al., “Targeting Negative Surface Charges
of Cancer Cells by Multifunctional Nanoprobes,” Theranostics 6, no. 11
(2016): 1887-1898.

91.Z. Deng, S. Wu, Y. Wang, et al., “Circulating Tumor Cell Isolation
for Cancer Diagnosis and Prognosis,” eBioMedicine 83 (2022): 104237.

92.H. Wang, N. H. Stoecklein, P. P. Lin, et al.,, “Circulating and
Disseminated Tumor Cells: Diagnostic Tools and Therapeutic Targets
in Motion,” Oncotarget 8, no. 1 (2017): 1884-1912.

93. L. S. Munoz-Arcos, E. Nicolo, M. S. Serafini, et al., “Latest Advances
in Clinical Studies of Circulating Tumor Cells in Early and Metastatic
Breast Cancer,” International Review of Cell and Molecular Biology 381
(2023): 1-21.

94.T. Fehm, V. Mueller, M. Banys-Paluchowski, et al., “Efficacy of
Lapatinib in Patients With HER2-Negative Metastatic Breast Cancer
and HER2-Positive Circulating Tumor Cells-The DETECT III Clinical
Trial,” Clinical Chemistry 70, no. 1 (2024): 307-318.

95. E. De Kruijff, I, A. M. Sieuwerts, W. Onstenk, et al., “Androgen
Receptor Expression in Circulating Tumor Cells of Patients With
Metastatic Breast Cancer,” International Journal of Cancer 145, no. 4
(2019): 1083-1089.

96. F. Galardi, F. De Luca, C. Biagioni, et al., “Circulating Tumor Cells
and Palbociclib Treatment in Patients With ER-Positive, HER2-Negative
Advanced Breast Cancer: Results From a Translational Sub-Study of the
TREnd Trial,” Breast Cancer Research 23, no. 1 (2021): 38.

97. H. S. Rugo, J. Cortes, A. Awada, et al., “Change in Topoisomerase
1-Positive Circulating Tumor Cells Affects Overall Survival in Patients
With Advanced Breast Cancer After Treatment With Etirinotecan
Pegol,” Clinical Cancer Research 24, no. 14 (2018): 3348-3357.

98.Y. Zhou, J. Zhou, X. Hao, et al., “Efficacy Relevance of PD-L1
Expression on Circulating Tumor Cells in Metastatic Breast Cancer
Patients Treated With Anti-PD-1 Immunotherapy,” Breast Cancer
Research and Treatment 200, no. 2 (2023): 281-291.

99. F. C. Bidard, W. Jacot, N. Kiavue, et al., “Efficacy of Circulating
Tumor Cell Count-Driven vs Clinician-Driven First-Line Therapy
Choice in Hormone Receptor-Positive, ERBB2-Negative Metastatic
Breast Cancer: The STIC CTC Randomized Clinical Trial,” JAMA
Oncology 7, no. 1 (2021): 34-41.

100. E. C. Bidard, N. Kiavue, W. Jacot, et al., “Overall Survival With
Circulating Tumor Cell Count-Driven Choice of Therapy in Advanced
Breast Cancer: A Randomized Trial,” Journal of Clinical Oncology 42,
no. 4 (2024): 383-389.

14 of 16

Cancer Medicine, 2025



101. C. R. Goodman, B. L. Seagle, T. W. P. Friedl, et al., “Association of
Circulating Tumor Cell Status With Benefit of Radiotherapy and Survival
in Early-Stage Breast Cancer,” JAMA Oncology 4, no. 8 (2018): e180163.

102. M. Banys-Paluchowski, F. Reinhardt, and T. Fehm, “Circulating
Tumor Cells in Metastatic Breast Cancer: Clinical Applications and
Future Possibilities,” Applied Sciences 10, no. 9 (2020): 3311.

103. P. P. Lin, “Aneuploid Circulating Tumor-Derived Endothelial Cell
(CTEC): A Novel Versatile Player in Tumor Neovascularization and
Cancer Metastasis,” Cells 9, no. 6 (2020): 1539.

104.G. Ma, Y. Jiang, M. Liang, et al, “Dynamic Monitoring of
CD45-/CD314/DAPI+ Circulating Endothelial Cells Aneuploid
for Chromosome 8 During Neoadjuvant Chemotherapy in Locally
Advanced Breast Cancer,” Therapeutic Advances in Medical Oncology
12 (2020): 1758835920918470.

105.X. Li, Y. Zhang, J. Ding, et al., “Clinical Significance of
Detecting CSF-Derived Tumor Cells in Breast Cancer Patients With
Leptomeningeal Metastasis,” Oncotarget 9, no. 2 (2018): 2705-2714.

106.J. Yu, Y. Dong, J. Yu, et al, “Longitudinal Monitoring of
Cerebrospinal Fluid-Derived Circulating Tumor Cells: A Pilot Study,”
International Journal of Clinical and Experimental Pathology 11, no. 10
(2018): 5002-5007.

107. D. Stergiopoulou, A. Markou, A. Strati, et al., “Comprehensive Liquid
Biopsy Analysis as a Tool for the Early Detection of Minimal Residual
Disease in Breast Cancer,” Scientific Reports 13, no. 1 (2023): 1258.

108.J. Y. Pierga, F. C. Bidard, A. Autret, et al., “Circulating Tumour
Cells and Pathological Complete Response: Independent Prognostic
Factors in Inflammatory Breast Cancer in a Pooled Analysis of Two
Multicentre Phase II Trials (BEVERLY-1 and -2) of Neoadjuvant
Chemotherapy Combined With Bevacizumab,” Annals of Oncology 28,
no. 1 (2017): 103-109.

109. F. C. Bidard, S. Michiels, S. Riethdorf, et al., “Circulating Tumor
Cells in Breast Cancer Patients Treated by Neoadjuvant Chemotherapy:
A Meta-Analysis,” Journal of the National Cancer Institute 110, no. 6
(2018): 560-567.

110. T. Han, J. Zhang, D. Xiao, et al., “Circulating Tumor-Derived
Endothelial Cells: An Effective Biomarker for Breast Cancer Screening
and Prognosis Prediction,” Journal of Oncology 2022 (2022): 5247423.

111. L. Thery, A. Meddis, L. Cabel, et al., “Circulating Tumor Cells in
Early Breast Cancer,” JNCI Cancer Spectrum 3, no. 2 (2019): pkz026.

112. E. C. A. Bauer, F. Schochter, P. Widschwendeter, et al., “Prevalence
of Circulating Tumor Cells in Early Breast Cancer Patients 2 and 5 Years
After Adjuvant Treatment,” Breast Cancer Research and Treatment 171,
no. 3 (2018): 571-580.

113. E. Trapp, W. Janni, C. Schindlbeck, et al., “Presence of Circulating
Tumor Cells in High-Risk Early Breast Cancer During Follow-Up and
Prognosis,” Journal of the National Cancer Institute 111, no. 4 (2019):
380-387.

114. L. Gerratana, M. Kocherginsky, A. A. Davis, et al., “Circulating
Tumor Cells Prediction in Hormone Receptor Positive HER2-Negative
Advanced Breast Cancer: A Retrospective Analysis of the MONARCH 2
Trial,” Oncologist 29, no. 2 (2024): 123-131.

115. V. Vardas, A. Tolios, A. Christopoulou, et al., “Immune Checkpoint
and EMT-Related Molecules in Circulating Tumor Cells (CTCs) From
Triple Negative Breast Cancer Patients and Their Clinical Impact,”
Cancers 15, no. 7 (2023): 1974.

116. T. Todenhofer, K. Pantel, A. Stenzl, et al., “Pathophysiology of
Tumor Cell Release Into the Circulation and Characterization of CTC,”
Recent Results in Cancer Research 215 (2020): 3-24.

117. X. Liu, J. Li, B. L. Cadilha, et al., “Epithelial-Type Systemic Breast
Carcinoma Cells With a Restricted Mesenchymal Transition Are a
Major Source of Metastasis,” Science Advances 5, no. 6 (2019): eaav4275.

118. I. Krop, N. Ismaila, F. Andre, et al., “Use of Biomarkers to Guide
Decisions on Adjuvant Systemic Therapy for Women With Early-Stage
Invasive Breast Cancer: American Society of Clinical Oncology Clinical
Practice Guideline Focused Update,” Journal of Clinical Oncology 35,
no. 24 (2017): 2838-2847.

119. N. Sadik, L. Cruz, A. Gurtner, et al., “Extracellular RNAs: A New
Awareness of Old Perspectives,” Methods in Molecular Biology 1740
(2018): 1-15.

120.Y. Shuai, Z. Ma, J. Ju, et al.,, “Liquid-Based Biomarkers in Breast
Cancer: Looking Beyond the Blood,” Journal of Translational Medicine
21, no. 1 (2023): 809.

121. C. Aslan, S. Maralbashi, F. Salari, et al., “Tumor-Derived Exosomes:
Implication in Angiogenesis and Antiangiogenesis Cancer Therapy,”
Journal of Cellular Physiology 234, no. 10 (2019): 16885-16903.

122. P. Famta, S. Shah, D. K. Khatri, et al., “Enigmatic Role of Exosomes
in Breast Cancer Progression and Therapy,” Life Sciences 289 (2022):
120210.

123. M. Ono, N. Kosaka, N. Tominaga, et al., “Exosomes From Bone
Marrow Mesenchymal Stem Cells Contain a microRNA That Promotes
Dormancy in Metastatic Breast Cancer Cells,” Science Signaling 7, no.
332 (2014): ra63.

124. M. Zheng, M. Huang, X. Ma, et al., “Harnessing Exosomes for the
Development of Brain Drug Delivery Systems,” Bioconjugate Chemistry
30, no. 4 (2019): 994-1005.

125.B. Zuo, H. Qi, Z. Lu, et al., “Alarmin-Painted Exosomes Elicit
Persistent Antitumor Immunity in Large Established Tumors in Mice,”
Nature Communications 11, no. 1 (2020): 1790.

126. L. L. Chen and V. N. Kim, “Small and Long Non-Coding RNAs:
Past, Present, and Future,” Cell 187, no. 23 (2024): 6451-6485.

127.M. A. Zandieh, M. H. Farahani, R. Rajabi, et al., “Epigenetic
Regulation of Autophagy by Non-Coding RNAs in Gastrointestinal
Tumors: Biological Functions and Therapeutic Perspectives,”
Pharmacological Research 187 (2023): 106582.

128. C. M. Klinge, “Non-Coding RNAs in Breast Cancer: Intracellular
and Intercellular Communication,” Noncoding RNA 4, no. 4 (2018): 40.

129. A. M. Mihai, L. M. Ianculescu, and N. Suciu, “MiRNAs as Potential
Biomarkers in Early Breast Cancer Detection: A Systematic Review,”
Journal of Medicine and Life 17, no. 6 (2024): 549-554.

130. D. Galos, A. Gorzo, O. Balacescu, et al., “Clinical Applications of
Liquid Biopsy in Colorectal Cancer Screening: Current Challenges and
Future Perspectives,” Cells 11, no. 21 (2022): 3493.

131. M. G. Davey, A. Mcguire, M. C. Casey, et al., “Evaluating the Role of
Circulating MicroRNAs in Predicting Long-Term Survival Outcomes in
Breast Cancer: A Prospective, Multicenter Clinical Trial,” Journal of the
American College of Surgeons 236, no. 2 (2023): 317-327.

132. A. Kumar, A. Golani, and L. D. Kumar, “EMT in Breast Cancer
Metastasis: An Interplay of microRNAs, Signaling Pathways and
Circulating Tumor Cells,” Frontiers in Bioscience 25, no. 5 (2020):
979-1010.

133.Y. Wei, W. Yang, Q. Huang, et al., “Clinical Significance of
Circulating Tumor Cell (CTC)-Specific microRNA (miRNA) in Breast
Cancer,” Progress in Biophysics and Molecular Biology 177 (2023):
229-234.

134. K. Rama, A. R. Bitla, N. Hulikal, et al., “Assessment of Serum mi-
croRNA-21 and miRNA-205 as Diagnostic Markers for Stage I and II
Breast Cancer in Indian Population,” Indian Journal of Cancer 61, no.
2(2024): 290-298.

135. M. Sochor, P. Basova, M. Pesta, et al., “Oncogenic microRNAs:
miR-155, miR-19a, miR-181b, and miR-24 Enable Monitoring of Early
Breast Cancer in Serum,” BMC Cancer 14 (2014): 448.

150f 16



136. R. Hamam, A. M. Ali, K. A. Alsaleh, et al., “microRNA Expression
Profiling on Individual Breast Cancer Patients Identifies Novel Panel of
Circulating microRNA for Early Detection,” Scientific Reports 6 (2016):
25997.

137.]. Kujala, M. Tengstrom, S. Heikkinen, et al., “Circulating Micro-
RNAs Predict the Risk of Recurrence in Triple-Negative Breast Cancer,”
Cells 13, no. 22 (2024): 1884.

138. W. A. H. Yanwirasti and D. Arisanty, “Evaluation of MiR-21 and
MiR-10b Expression of Human Breast Cancer in West Sumatera,”
Pakistan Journal of Biological Sciences 20, no. 4 (2017): 189-196.

139. A. M. Grimaldi, S. Nuzzo, G. Condorelli, et al., “Prognostic and
Clinicopathological Significance of MiR-155 in Breast Cancer: A
Systematic Review,” International Journal of Molecular Sciences 21, no.
16 (2020): 5834.

140. S. M. Leong, K. M. Tan, H. W. Chua, et al., “Paper-Based MicroRNA
Expression Profiling From Plasma and Circulating Tumor Cells,”
Clinical Chemistry 63, no. 3 (2017): 731-741.

141. A. Rodriguez-Martinez, D. De Miguel-Pérez, F. G. Ortega, et al.,
“Exosomal miRNA Profile as Complementary Tool in the Diagnostic
and Prediction of Treatment Response in Localized Breast Cancer
Under Neoadjuvant Chemotherapy,” Breast Cancer Research 21, no. 1
(2019): 21.

142.J. Li, X. Guan, Z. Fan, et al., “Non-Invasive Biomarkers for Early
Detection of Breast Cancer,” Cancers 12, no. 10 (2020): 2767.

143. T. H. N. Nguyen, T. T. N. Nguyen, T. T. M. Nguyen, et al., “Panels
of Circulating microRNAs as Potential Diagnostic Biomarkers for
Breast Cancer: A Systematic Review and Meta-Analysis,” Breast Cancer
Research and Treatment 196, no. 1 (2022): 1-15.

144. L. Padroni, L. De Marco, V. Fiano, et al., “Identifying MicroRNAs
Suitable for Detection of Breast Cancer: A Systematic Review of
Discovery Phases Studies on MicroRNA Expression Profiles,”
International Journal of Molecular Sciences 24, no. 20 (2023): 15114.

145. M. Li, X. Zou, T. Xia, et al., “A Five-miRNA Panel in Plasma Was
Identified for Breast Cancer Diagnosis,” Cancer Medicine 8, no. 16
(2019): 7006-7017.

146. M. W. Kim, S. Park, H. Lee, et al., “Multi-miRNA Panel of Tumor-
Derived Extracellular Vesicles as Promising Diagnostic Biomarkers
of Early-Stage Breast Cancer,” Cancer Science 112, no. 12 (2021):
5078-5087.

147.Y. W. Zhang, A. Gvozdenovic, and N. Aceto, “A Molecular Voyage:
Multiomics Insights Into Circulating Tumor Cells,” Cancer Discovery
14, no. 6 (2024): 920-933.

148. P. Stejskal, H. Goodarzi, J. Srovnal, et al., “Circulating Tumor
Nucleic Acids: Biology, Release Mechanisms, and Clinical Relevance,”
Molecular Cancer 22, no. 1 (2023): 15.

149.S. B. Lim, C. T. Lim, and W. T. Lim, “Single-Cell Analysis of
Circulating Tumor Cells: Why Heterogeneity Matters,” Cancers 11, no.
10 (2019): 1595.

150.Y. Zhang, B. Wang, J. Cai, et al., “Enrichment and Separation
Technology for Evaluation of Circulating Tumor Cells,” Talanta 282
(2025): 127025.

151. Y. Huang, W. Hong, and X. Wei, “The Molecular Mechanisms and
Therapeutic Strategies of EMT in Tumor Progression and Metastasis,”
Journal of Hematology & Oncology 15, no. 1 (2022): 129.

152. A. H. Farkas and A. B. Nattinger, “Breast Cancer Screening and
Prevention,” Annals of Internal Medicine 176, no. 11 (2023): Itc161-itc176.

153. Z. Diamantopoulou, F. Castro-Giner, F. D. Schwab, et al., “The
Metastatic Spread of Breast Cancer Accelerates During Sleep,” Nature
607, no. 7917 (2022): 156-162.

154. A. Bardia, S. A. Hurvitz, S. M. Tolaney, et al., “Sacituzumab
Govitecan in Metastatic Triple-Negative Breast Cancer,” New England
Journal of Medicine 384, no. 16 (2021): 1529-1541.

155.J. E. Gray, R. S. Heist, A. N. Starodub, et al., “Therapy of Small
Cell Lung Cancer (SCLC) With a Topoisomerase-I-Inhibiting Antibody-
Drug Conjugate (ADC) Targeting Trop-2, Sacituzumab Govitecan,”
Clinical Cancer Research 23, no. 19 (2017): 5711-5719.

156.J. M. Sperger, K. T. Helzer, C. N. Stahlfeld, et al., “Expression and
Therapeutic Targeting of TROP-2 in Treatment-Resistant Prostate
Cancer,” Clinical Cancer Research 29, no. 12 (2023): 2324-2335.

157. P. Mondelo-Macia, J. Garcia-Gonzalez, A. Abalo, et al., “Plasma
Cell-Free DNA and Circulating Tumor Cells as Prognostic Biomarkers
in Small Cell Lung Cancer Patients,” Translational Lung Cancer
Research 11, no. 10 (2022): 1995-20009.

16 of 16

Cancer Medicine, 2025



	Circulating Tumor Cell Detection for Therapeutic and Prognostic Roles in Breast Cancer
	ABSTRACT
	1   |   Introduction
	2   |   Circulating Tumor Cells
	3   |   Circulating Tumor Cell Detection
	3.1   |   Positive Enrichment on the Basis of Immunoaffinity
	3.2   |   Cell Surface Molecule-Independent Enrichment
	3.3   |   Enrichment on the Basis of Physical Properties

	4   |   Clinical Applications of CTCs in Breast Cancer
	4.1   |   Precancer Screening and Diagnosis
	4.2   |   Treatment Guidance and Efficacy Assessment
	4.3   |   Prognostic Monitoring
	4.4   |   Exosomes in BC: From CTC Dynamics to Nanomedicine Innovations
	4.5   |   NcRNAs in BC CTCs: Biomarkers and Clinical Implications

	5   |   Challenges and Future Perspectives
	6   |   Conclusion
	Author Contributions
	Acknowledgments
	Disclosure
	Conflicts of Interest
	Data Availability Statement
	References


