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Abstract

Circulating Tumor cells (CTCs) represent tumor cells in the blood stream dislodged from the 

primary tumor. The presence of CTCs in the bloodstream provides a unique opportunity to sample 

cancer tissue by means of a relatively less-invasive “liquid biopsy.” Over the past decade, there 

has been a tremendous increase in the amount of research examining the potential clinical utility 

of CTCs in the management of cancer. A number of techniques to refine the sensitivity and range 

of CTC assays are also in development. In this article, we review the recent developments in the 

current and potential clinical applications of CTCs in breast cancer. CTC enumeration already has 

an established role as a prognostic biomarker in metastatic breast cancer, while molecular 

characterization of CTCs can serve as a potential predictive biomarker for therapy selection, 

pharmacodynamic evaluation, and identification of novel actionable targets for novel therapies. 

The role of CTCs in breast cancer screening and detection of recurrence is currently limited. 

Further development in techniques will be pivotal in enhancing the broad applicability of CTCs 

and advancing the field of personalized breast cancer therapy.
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Introduction

Circulating tumor cells (CTCs), represent tumor cells in the blood stream dislodged from the 

primary tumor. CTCs comprise of a heterogeneous population of cells, including apoptotic 

tumor cells, i.e. cells passively shed from tumors due to vascular compromise, as well as 

viable tumor cells capable of initiating and establishing cancer metastasis by seeding 
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peripheral organs. CTCs were first described as early as 1869 as carcinoma associated 

circulating epithelial cells, by Dr. T.R. Ashworth [1]. Subsequent studies demonstrated their 

neoplastic origin and common clonality with the primary tumor [2].

The presence of CTCs in the bloodstream provides a unique opportunity to study cancer 

cells using a simple peripheral blood test rather than an invasive tissue biopsy. 

Unfortunately CTCs are rare, even in patients with metastatic disease, circulate for unknown 

lengths of time, and are outnumbered by surrounding blood cells at a ratio of about a million 

to one making their detection technologically challenging. In the last few years, tremendous 

strides have been made in isolating and characterizing CTCs in a wide multitude of ways. In 

this review, we will summarize the recent developments in the technology, and current and 

potential clinical applications of CTCs in breast cancer.

Current methods of isolating CTCs

Over the past decade several innovative techniques have been developed to detect CTCs in 

the bloodstream. Most of the techniques combine an enrichment step prior to detection and 

analysis. The key methods of CTC isolation are summarized below:

1. Epithelial Based: Most current commercial systems, including the FDA-approved 

CellSearch™ System, utilize EpCAM (Epithelial Cell Adhesion molecule) and CK 

(Cytokeratin) based immunomagnetic systems to distinguish tumor cells from 

normal blood cells. In this technique, first enrichment of CTCs is accomplished by 

labeling the cells with anti-EpCAM antibodies (attached to ferrofluid nanoparticles) 

and separating them by applying a magnetic field. Subsequently, the cells are 

stained for cytokeratins to separate the CTCs from contaminating cell types [3]. 

While this technology is helpful for CTC enumeration, the cell fixation techniques 

restricts detailed RNA-based molecular assays and preclude functional analyses. 

Refinements of this technology, such as utilizing dielectrophoretic and 

microfluidics sorting, are being developed to overcome these limitations[4].

2. Size based: Several methods utilize the larger size of CTCs, in comparison to other 

blood cells to enrich them from blood samples. The ISET (Isolation by size of 

epithelial tumor cells) system is a prime example of using this principle [5]. There 

is however significant variation in the size of CTCs and this could lead to 

variability in the analysis.

3. qRT-PCR based: These extremely sensitive assays identify CTCs by detection of 

multiple RNA transcripts that are characteristic of cancer cells rather than the 

contaminating leukocytes [6]. This method can often be technically challenging and 

can have a high number of false positive and false negative cells [7].

4. Fiber optic array laser scanning technology (FAST) based: This cytometric 

analysis has the ability to simultaneously evaluate at the fluorescent emission of a 

large number of cells at the same time, without a need for prior enrichment [8]. As 

a result, it is very useful to detect rare CTCs in blood samples in a comparatively 

faster way. This technique might not be fully suitable for further downstream 

molecular characterization.
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5. Microfluidics and herringbone based: The microfluidics based cell sorting 

technique utilizes custom built micro-chips to identify and separate CTCs from 

blood samples with increased yield and purity, compared to currently available 

technologies. The “Herringbone” design, in which specially constructed grooves in 

the ceiling of the microfluidic chamber creates microvortices of flow directing cells 

toward the walls of the device for increased capture. The tumor cells are unfixed 

and captured under conditions that allow sophisticated molecular analyses, 

including genomic sequencing [9, 10].

Role of CTCs in management of Metastatic Breast Cancer

A) Prognostic marker

The use of CTC enumeration as a prognostic factor has been well established in several 

tumor types including breast cancer. In the landmark breast cancer CTC study, Cristofanilli 

et al. prospectively evaluated CTC counts from 177 patients with measurable metastatic 

breast cancer prior to and after the initiation of a new therapy utilizing the Veridex 

CellSearch® assay. Of these 177 patients, 61% were found to have detectable CTCs in their 

blood. The authors demonstrated that that the number of CTCs was an independent predictor 

of progression-free survival and overall survival. For instance, women with ≥5 CTCs per 7.5 

ml prior to initiation of therapy had a significantly shorter median overall survival than did 

those with <5 CTCs/7.5 ml blood (10.2 months versus >18 months). Furthermore, patients 

with persistent CTCs (>/=5 CTCs per 7.5 ml) despite initiation of therapy also had 

significantly shorter median overall survival (8.2 months versus > 18 months). Several 

subsequent studies have demonstrated the role of CTC enumeration in determining 

prognosis of patients with metastatic breast cancer [3, 11, 12]. The key studies and trials 

evaluating CTCs in breast cancer are summarized in Table 1.

Are elevated CTC counts associated with worse prognosis in all breast cancer subtypes? 

This was recently evaluated in a retrospective analysis of 517 patients, which indicated that 

higher numbers of CTCs were strongly associated with a poor prognosis in all subtypes 

except in HER2-positive patients [13]. Similarly another prospective multicenter trial with 

468 patients confirmed ability of CTCs to predict an inferior PFS in all groups except 

patients with HER2-positive cancer. However, a strong improvement in OS based on low 

CTC numbers was demonstrated regardless of subtype [14]. Further investigation is 

warranted to clarify whether CTCs would be useful in HER2-positive patients or if their 

utility would be restricted only to other subtypes.

B) Monitoring therapeutic response

Like any biomarker, CTC enumeration can potentially be utilized to evaluate response to 

therapy [3, 15]. This can be particularly helpful for patients with bone metastasis where 

radiological changes in bone scans can be difficult to detect and can take months to 

manifest. Studies have confirmed that patients with extensive bone metastases have higher 

mean CTC counts [16]. In a small prospective study by Liu et al. (2009), patients with 

metastatic breast cancer starting a new line of therapy (N=68) for a measurable progression 

underwent CTC counts at baseline and every 3–4 weeks after initiation of new therapy. 

These counts were subsequently correlated with imaging conducted every 9–12 weeks. This 
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study noted a strong correlation between CTC counts and traditional radiology based 

progression [17]. This association was not restricted to only CTC counts at the time of 

imaging, but rather was seen as far back as 7–9 weeks before imaging. Thus, the CTC 

counts could provide vital information about therapeutic response prior to radiological 

imaging.

Prior to incorporation into clinical practice, a new biomarker needs to be compared to 

existing biomarkers, and relative predictive contribution in addition to existing predictive 

factors needs to be assessed [18, 19]. So, how does CTC enumeration compare to changes in 

traditional tumor markers, CA 27–29 and CEA? To evaluate the individual and joint 

contribution of CTCs, the investigators compared the CTCs with the commercial tumor 

marker CA 27–29 in a prospective trial (Transitional Breast Cancer Research Consortium 

005). The authors reported that while CTCs was an informative prognostic marker as per 

prior reports, CA 27–29 change from baseline to week 3–4 post-therapy was independently 

and more strongly associated with progression of disease (hazard ratio: 23.7, p value 

=0.0006), as compared to change in CTC count [20]. Thus, the additional utility of CTC 

enumeration, as compared to traditional tumor markers is unclear.

C) Predictive marker for therapy selection

While elevated CTC counts are associated with inferior prognosis, can CTC counts be 

utilized as a predictive biomarker in clinical decision making? The basic idea is to try to 

quickly identify effective chemotherapy based on a decline in CTC counts to move on to the 

subsequent lines of therapy with the hope that rapid identification of sensitivity or resistance 

will spare patients the toxicity of ineffective chemotherapy and potentially lead them to 

earlier initiation of alternate, more effective therapies. The SWOG S0500 clinical trial has 

evaluated the clinical utility of CTC enumeration in clinical decision making. In the large 

prospective randomized clinical trial, women with newly diagnosed metastatic breast cancer 

(N = 595) had CTC counts evaluated at baseline and week 3–4 after therapy [23]. Patients 

who had elevated CTCs after one cycle of chemotherapy were randomized to either change 

therapy to a different regimen, or to continue the same chemotherapy. Early results from 

SWOG S0500 reported at the 2013 San Antonio Breast Cancer Symposium, unfortunately 

demonstrated no significant differences in patient outcome by early change in chemotherapy 

versus change at the time of clinical/radiological progression [21], indicating that the finding 

of elevated CTCs after one cycle of chemotherapy does not have clinical utility for therapy 

selection.

As opposed to CTC enumeration, molecular characterization of the CTCs can potentially be 

helpful as a predictive biomarker for therapy selection for several reasons. First, there is 

evidence that metastatic tumor may not share the same molecular characteristics as the 

primary tumor [22, 23]. Real time CTC characterization might be a more accurate snapshot 

of the current biological state of the cancer, in comparison to biopsies taken at the time of 

diagnosis [24–28]. For example, various groups have reported detection of HER2-positive 

CTCs among patients with HER2-negative primary tumors [29–32]. If such tumors now 

respond to anti-HER2 directed therapies, the detection of HER2-positive CTCs would have 

therapeutic implications. In the DETECT III trial HER2-negative patients with metastatic 
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breast cancer who have HER2-positive CTCs by immunofluorescence will be randomized to 

either standard therapy or standard therapy with the addition of lapatinib (ClinicalTrials.gov 

# NCT01619111) [33]. Another ongoing clinical trial is investigating combination of 

vinorelbine with trastuzumab (ClinicalTrials.gov # NCT01185509) for patients with 

previously HER2-negative breast cancer who are found to have HER2-positive CTCs. The 

key ongoing trials evaluating CTCs are summarized in Table 2.

Second, molecular interrogation of CTCs could help in identification of actionable 

mutations and subsequent selection of therapy [34–36]. As an illustrative example, recently 

Schneck et al explored the possibility of identifying specific hotspot mutations from CTCs 

[37]. They utilized PCR based SNaPshot technology to successfully identify 12 different 

mutations from the enrolled patients (N=44). Similarly, other clinical trials are ongoing to 

rapidly characterize CTCs to detect actionable changes and personalize therapy for patients 

with metastatic breast cancer [38].

Finally, molecular characterization of CTCs could potentially help in evaluation of 

pharmacodynamic effect and clinical decision making. For example, the COMETI P2 trial is 

investigating the utility of a CTC-based Endocrine Therapy Index (ETI) in hormone 

receptor-positive breast cancer. Up to 30% of patients with metastatic hormone receptor-

positive breast cancer have disease progression within 2–3 months of subsequent endocrine 

therapy [39]. However, currently there is no predictive biomarker that can accurately 

ascertain whether an individual tumor will respond to subsequent endocrine therapy or not. 

The purpose of the COMETI P2 trial is to evaluate an Endocrine Therapy Index, based on 

expression of the estrogen receptor (ER), HER2, Ki67, and Bcl-2 in the CTCs, to identify 

patients at risk for early progression based on specific CTC-based markers [40]. If validated, 

the study will establish the clinical utility of molecular interrogation of CTCs to guide 

clinical decision making in metastatic breast cancer.

D) Biomarker to understand mechanism of therapeutic resistance

Besides therapy selection, molecular characterization of CTCs can play an important role in 

understanding mechanism of therapeutic resistance and in identification of novel actionable 

targets in breast cancer. The actionable targets identified can be evaluated and validated in 

clinical trials. For example, it has been demonstrated that CTCs display dynamic shifts in 

their molecular expression profiles between an epithelial state and a mesenchymal state in 

response to therapies, and the shifts correlate with a response to therapy (epithelial 

predominant) and progression of disease (more mesenchymal expression) [10]. Furthermore, 

based on RNA sequencing of CTCs, authors have identified that aberrant expression of 

FOXC1, besides TGF-b activation, contributes to the epithelial-mesenchymal- transition 

(EMT) switch and therapeutic resistance in breast cancer. The clinical significance of 

FOXC1 and TGF-b expression as a potential biomarker of therapeutic resistance and 

actionable target in breast cancer is under investigation in ongoing clinical trials. Thus 

molecular characterization of CTCs can potentially be utilized for selection of therapy, to 

monitor pharmacodynamic response, and identification of novel actionable targets in 

metastatic breast cancer. This is conceptually outlined in figure 1.
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Role of CTCs in Localized Breast Cancer

A) Cancer screening

Between 20–30% of patients with no clinically detected metastasis have been observed to be 

positive for CTCs in several studies [24, 41, 42]. However, the low sensitivity of current 

CTC identification tests in early breast cancer is a significant impediment to their use as 

screening tools to diagnose breast cancer. Even in the metastatic setting, current CTC 

platforms such as the CellSearch™ system can detect CTC only in about 70% of patients 

with metastatic breast cancer, and in the early breast cancer setting the sensitivity is much 

lower. Mathematical modeling of CTC loads at various tumor stages indicate that to reduce 

the rate of distant metastases to 1% in operable early breast cancer would require a 

sensitivity improvement of approximately 15-fold from current CTC identification methods 

[43]. Interestingly the combination of leukapheresis and the CellSearch™ system has 

recently been reported to identify CTCs in 90% of patients in a small non-metastatic breast 

cancer cohort [44]. Thus, improvements in sensitivity using enrichment techniques broaden 

applicability of CTC detection as a method for early breast cancer diagnosis or screening. 

An ongoing clinical trial is examining the potential role of CTCs as a screening tool 

assessing CTC counts from patients who are undergoing a diagnostic or therapeutic breast 

procedure and who have no prior history of invasive carcinoma or clinically apparent 

metastatic disease (ClinicalTrials.gov # NCT01322750) [45].

B) Early diagnosis of Disease Recurrence

Theoretically, CTC detection, if sufficiently sensitive, could detect micrometastatic or occult 

metastatic disease among patients thought to have early breast cancer. This would include 

both patients who have early presence of CTCs without established metastases and others 

who have established metastases which are below the detection threshold of imaging. 

Studies have shown both these subtypes of patients are definitely at increased risk of 

progression in comparison to those who are negative for CTCs [42]. It has also been shown 

that CTC detection can predict the risk of axillary lymph node metastasis and could have 

potential utility as an adjunct to sentinel lymph node sampling [46].

The next logical question is whether or not early detection of such high risk patients, and 

potential escalation of treatment for them, impacts survival outcomes. While more research 

is required in this area, small studies have shown encouraging results about utility of 

molecular characterization of CTCs for subsequent therapy selection. In one small Phase II 

trial among patients with persistent HER2-positive CTCs detected after completion of 

standard adjuvant therapy the administration of trastuzumab reduced the risk of recurrence 

and increased disease free survival [47]. The investigators in this study specifically 

evaluated patients with primary HER2-negative breast cancer with detectable HER2-positive 

CTCs (N=75). After therapy with trastuzumab, 75% of the treated women became free of 

detectable CTCs while only 17.9% did so in the control observation group. Based on these 

results, the ongoing TREAT-CTC randomized trial will investigate the potential clinical 

utility of adjuvant trastuzumab among patients with HER2 negative non-metastatic breast 

cancer who have detectable HER2-positive CTCs [48].
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Finally, recent work has also identified molecular signatures of CTCs that can preferentially 

form metastases in selected organs [49]. Investigators identified a specific protein signature 

from cultured CTC cell lines and showed the ability of these selected cells to form extensive 

metastases in an animal model. Further work in this area could be very important in 

predicting expected sites of metastases in patients based on molecular characterization of 

their isolated CTCs.

Limitations of current methods

Current CTC detection methods are heavily dependent on identification based on epithelial 

markers. Though the sensitivity of epithelial identifiers helps in efficiently picking up 

cancerous cells in the circulation, there are a number of situations where this aspect becomes 

a significant limitation. Subgroups of CTCs often undergo epithelial mesenchymal transition 

(EMT) which has been shown to increase the ability of these cells to survive in the 

circulation and establish micrometastases in peripheral tissues. EMT has been implicated in 

preventing cell death, protecting from the immune system and lack of response to therapy 

[50]. Tumor cells which have already undergone EMT reduce their expression of classical 

epithelial markers and express a mesenchymal profile. This consequently, leads to an 

inability of several detection methods to detect this highly significant and dangerous 

subpopulation of CTCs [51]. The choice of markers used can also make them incapable of 

being used for non-epithelial cancers. Newer techniques have now been developed which 

can detect mesenchymal CTCs as well [10].

Furthermore detection of circulating tumor DNA could potentially offer a more sensitive 

alternative to CTC enumeration. Recently, Dawson et al (2013) reported results of a 

prospective comparison of CTC counts with circulating tumor DNA in patients undergoing 

therapy for metastatic breast cancer (N=30) [52]. Circulating tumor DNA detects tumor 

specific DNA sequences from the peripheral blood, and in this study was shown to have a 

superior sensitivity to a CTC enumeration with the CellSearch system (sensitivity of 90% 

vs. 67%). However, circulating tumor DNA can only be performed in patients who have a 

detectable mutation, in contrast to the generalized applicability of CTCs. Circulating tumor 

DNA could potentially be extremely useful in the detection of specific actionable cancer 

mutations from a blood sample. This has been demonstrated with the identification of 

specific PIK3CA mutations from these DNA fragments in the blood [53].

Future Directions

CTC detection and molecular characterization is rapidly evolving towards further clinical 

applications, including but not limited to improving diagnosis, predicting prognosis, 

determining therapeutic response, and assisting therapy selection. Currently there are no 

standardized methods for molecular characterization and it is essential to identify methods 

which are sensitive, accurate, and reproducible. Further improvement in molecular 

characterization of low numbers of CTCs and determining tumor heterogeneity by genetic 

sequencing of isolated single cells are vital.

Combining two or more techniques of CTC detection may also help in improving sensitivity 

of detection. Further refinements in sensitivity are necessary before CTCs become useful 
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tools for screening and diagnosis of early breast cancer. Additionally, it will be important to 

develop and validate characterization methods which can maintain cell viability. Captured, 

viable CTCs would enable real-time assessment of their molecular signatures and responses 

to drugs, potentially enabling clinicians to stay ‘one step ahead’ of evolving drug tolerance/

resistance. It is likely that modern CTC technologies will facilitate a new age of real-time 

cancer monitoring and significantly advance the field of personalized breast cancer therapy.
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Figure 1. 
Schema outlining how molecular characterization of CTCs can potentially be utilized for 

selection of therapy, to monitor pharmacodynamic response, and identification of novel 

actionable targets in metastatic breast cancer.
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Table 1

Summary of the key studies and trials evaluating CTCs in metastatic breast cancer

Literature Objective Study Design Method of detection Outcomes

Cristofanalli et 
al, 2004 [3]

To evaluate whether 
CTC counts are 
associated with survival

CTC counts done before the 
start of a new line of therapy 
and at the 1st follow-up visit

CellSearch system Patients with a higher baseline 
CTC count had shorter median 
PFS (2.7 months vs. 7.0 months) 
and shorter OS (10.1 months vs. 
>18 months). The difference was 
also seen at the 1st follow-up 
CTC count.

Liu et al, 2009 
[17]

To evaluate whether 
CTC counts are 
associated with 
radiographic disease 
progression

Serial CTC counts done 
over time in patients starting 
a new therapy with 
progressive metastatic 
breast cancer
Radiographic studies were 
performed in 9- to 12-week 
intervals

CellSearch system There was a strong correlation 
between CTC counts and 
radiographic disease progression 
in patients receiving 
chemotherapy or endocrine 
therapy for metastatic breast 
cancer

Bardia et al, 
2010 [20]

To evaluate the 
individual and joint 
contribution of CTCs, 
with the commercial 
tumor marker CA 27–
29 in the prospective 
trial (TBCRC 005)

CTC counts done before the 
start of a new line of therapy 
and at the 1st follow-up visit

CellSearch system Change in CA2729 change from 
baseline to week 3–4 post-
therapy was independently and 
more strongly associated with 
progression of disease as 
compared to change in CTC 
count

Pierga et al, 
2012 [10]

To examine whether 
changes in CTC counts 
between inclusion and 
before the 2nd cycle are 
associated with PFS and 
OS

CTC counts were done at 
baseline, before cycle 2, 
before cycle 3/4 (timed with 
scans) and at the time of 
progression

CellSearch System Elevated CTCs before the 2nd 

cycle are an early sign of poor 
PFS and OS

Min and Bardia 
et al, 2012 [12]

To investigate the 
changes in epithelial 
and mesenchymal 
composition of CTCs 
metastatic breast cancer

CTC evaluation done before 
the start of a new line of 
therapy and various serial 
intervals after start of 
therapy

RNA-ISH and sequencing CTCs display dynamic shifts in 
their molecular expression 
profiles between an epithelial 
state and a mesenchymal state 
(EMT) in response to therapies, 
and the shifts correlate with a 
response to therapy (epithelial 
predominant) and progression of 
disease (more mesenchymal 
expression)

CTC = Circulating Tumor Cell

PFS = Progression Free Survival

OS = Overall Survival

TBCRC = Translational Breast Cancer Research Symposium

ISH = In-situ Hybridization

EMT = Epithelial and Mesenchymal Transition
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