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Abstract: Circulating tumor cell (CTC) count has prognostic significance in metastatic
breast cancer, but the predictive utility of CTCs is uncertain. Molecular studies on CTCs
have often been limited by a low number of CTCs isolated from a high background of
leukocytes. Improved enrichment techniques are now allowing molecular characterisation
of single CTCs, whereby molecular markers on single CTCs may provide a real-time
assessment of tumor biomarker status from a blood test or “liquid biopsy”, potentially
negating the need for a more invasive tissue biopsy. The predictive ability of CTC
biomarker analysis has predominantly been assessed in relation to HER2, with variable and
inconclusive results. Limited data exist for other biomarkers, such as the estrogen receptor.
In addition to the need to define and validate the most accurate and reproducible method
for CTC molecular analysis, the clinical relevance of biomarkers, including gain of HER2
on CTC after HER2 negative primary breast cancer, remains uncertain. This review
summarises the currently available data relating to biomarker evaluation on CTCs and its
role in directing management in metastatic breast cancer, discusses limitations, and

outlines measures that may enable future development of this approach.
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1. Introduction

Breast cancer incidence in Western countries is estimated at around 125 per 100,000 women, of
which 5% present with de novo metastatic disease [1,2], while a significant minority of women with
early breast cancer develop recurrence after adjuvant or neoadjuvant systemic therapy [3]. Despite
improvements in treatment options, breast cancer remains one of the leading causes of cancer mortality
in women, with 5-year mortality from metastatic breast cancer (MBC) estimated at less than 25% [1].
With more than 90% of cancer mortality due to development of metastatic disease rather than due to
the primary cancer itself [4], continued development and improvement of MBC treatments are critical.
A field of growing interest is that of circulating tumor cells (CTCs), which may provide useful
prognostic and predictive information to guide treatment decisions.

CTCs are tumor cells that have escaped from the primary (or metastatic) tumor into the blood. As
this is a critical step in the ability for cancers to metastasise, CTCs are considered potential precursors
of metastatic disease [4] or “metastatic intermediaries” [5]. CTCs were first described over 140 years
ago by Ashworth [6], yet it has not been until relatively recently that technologies for reliable
identification and isolation of CTCs have been developed, leading to a significant increase in interest
in their potential clinical utility.

The prognostic role of CTCs in MBC is now well established. In a landmark study from
Cristofanilli ef al. [7], women with MBC who had a CTC count of >5 per 7.5 mL of whole blood had
significantly shorter progression free (PFS) and overall survival (OS) compared with women with CTC
count of <5, both prior to start of treatment and after repeat assessment at four weeks. Additional studies
in MBC using this same cut-off to define high CTC count have reported consistent findings [8—10].
Furthermore, CTCs, rather than disseminated tumor cells (i.e., isolated tumor cells detectable in bone
marrow), appear to be a better prognostic marker in advanced breast cancer [11]. While data are less
robust in early breast cancer, evidence to date also supports an association between high CTC count
and poorer outcomes [12,13].

Although CTCs can provide prognostic information in breast cancer, their utility as predictive
markers is less certain. CTC count has been suggested as a means of monitoring therapeutic response
to treatment. Patients with an elevated CTC count prior to commencing therapy, which subsequently
does not decrease following treatment, have been shown to have poorer outcomes, which might
therefore predict treatment resistance [14,15]. In a study of nearly 100 patients with MBC by
Martin et al., CTC count after the 1st cycle of chemotherapy was the only independent factor
significantly associated with OS or PFS [15]. Similarly, lack of CTC response, even in the setting of a
radiological response, portends a worse prognosis [16]. Based on this concept, the predictive role of
CTC count is currently being investigated in the SWOG 0500 randomised phase III trial
(NCT00382018), which aims to enrol 651 patients with MBC, and is addressing the question of
whether or not a treatment regimen should be altered early in its course based on lack of CTC
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response. Results from this trial may allow refinement of response evaluation and, in particular,
prevent unnecessarily prolonged treatment with an ineffective agent.

Rather than using CTC count alone, assessment of the molecular characteristics of CTCs might be
useful. Theoretically this could enable improved treatment selection and better prediction of response to
a specific therapy. Molecular analysis studies of CTCs have previously been hampered by limited ability
to detect and enrich for CTCs from a high background of lymphocytes. However, recent advances in
isolation and enrichment techniques now allow more detailed assessment of CTCs, including analysis of
molecular characteristics or expression of biomarkers, with potential treatment implications.

2. CTC:s for Predictive Biomarker Assessment
2.1. Alteration in Receptor Status in MBC

The estrogen receptor (ER), progesterone receptor (PgR) and HER2 receptor are the only three
validated biomarkers routinely applied in breast cancer management. ER, PgR and HER2 expression
provide prognostic information, and inform on decisions regarding therapy. Endocrine therapy is only
effective in the setting of ER and/or PgR positive disease, while anti-HER2 therapies are effective
against those tumors overexpressing HER2. Currently, treatment decisions at the time of MBC relapse
are generally made based on the receptor status of the primary breast cancer. However, there has been
increased awareness of the possibility of discordance in receptor status between primary tumor and
disease recurrence, leading to suggestions that reassessment of receptor status at the time of disease
recurrence should be recommended.

One of the hallmarks of cancer is genomic instability [17], indicating that genetic mutations, and
hence alterations in both downstream pathway signalling and protein expression, are possible, if not
expected. Thus, there exists the potential for alterations in tumor characteristics, in particular predictive
biomarkers such as ER, PgR and HER2.

Discordance between primary tumor and MBC tissue biopsies occur at rates of around 10%-30%
for ER and 20%—-50% for PgR, with losses being more common than gains. HER2 discordance has
been reported in around 10% of paired primary and metastatic tumors, with loss and gain occurring
with relatively equal frequency [18]. While there is reasonable rationale for the development of receptor
discordance, the vast majority of data have been derived retrospectively, creating some uncertainty
about the “true” discordance rate that may exist between primary and recurrent breast cancer. Of note,
gain or loss of receptor status in metastatic disease based on tissue biopsies can alter treatment
decisions [19,20], although, as yet, there is minimal evidence that alteration of treatment due to
discordance leads to significant improvements in clinical outcomes [18].

2.2. CTCs: “Liquid Biopsies”

Interventional radiology and imaging now allow the option of obtaining a biopsy from the vast
majority of metastatic sites. While tissue biopsies are relatively cheap, well validated, and generally
easy to obtain, they are not benign procedures and can cause pain, minor bleeding or infrequently,
more severe complications such as pneumothorax or haemorrhage. Analysis of receptor status on CTC
is therefore an attractive option, as it might allow “real-time” analysis of ER, PR, HER2 plus other



Cancers 2014, 6 687

clinically relevant biomarkers to direct therapy from a simple blood test, that is, a “liquid biopsy” (see
Table 1). Furthermore, repeated blood tests are much more feasible than repeated tissue biopsies, making
serial assessment of biomarker status a realistic option for monitoring treatment response or alterations in
tumor biology with therapy. Critically, the potential advantages of “liquid biopsy” over that of tissue
biopsy are currently outweighed by barriers including cost, limited access to analytical equipment and
most importantly, lack of validation of biomarkers on CTCs as useful in helping to dictate management.
Ongoing development of CTC analysis may overcome some of these disadvantages, however at present,
tissue biopsy remains the gold standard for evaluating suspected recurrent breast cancer.

Table 1. CTCs compared with tissue biopsy for biomarker assessment in metastatic breast cancer.

Tissue biopsy CTC analysis: “Liquid biopsy”
Invasive, can infrequently cause significant morbidity Minimally invasive
Monitoring treatment response/disease course with Monitoring treatment response/disease course with
multiple biopsies generally not feasible multiple samples relatively easily achieved
High likelihood of obtaining adequate tissue for analysis CTCs can be hard to isolate or may be missed
Relatively cheap Expensive
No specialised analytical equipment required Specialised analytical equipment required

Can be performed at the vast majority of treatment centres ~ Can only be performed in certain laboratories
equipped for CTC analysis
Interpretation of IHC (+/— FISH) assessment of tumor Further validation of best method for interpretation

tissue standardised for ER, PgR, HER2 of HER2 or ER expression on CTCs needed
Clinical impact of treatment decisions based on tissue Clinical impact of treatment decisions based on
biopsy biomarker assessment uncertain CTC biomarker assessment uncertain

2.3. Biomarker Assessment Using CTCs
2.3.1. CTC Isolation

A major challenge in the investigation of CTCs is that they are rare, and thus their detection is
particularly challenging. The ratio of CTC to lymphocytes is in the order of 1 to 1,000,000, while it is
around one in a billion for CTCs compared with erythrocytes. Given their rarity, the initial step in CTC
analysis is their isolation, or enrichment, from other normal blood cell components. There are numerous
technologies in development for this step, with the most widely used being CellSearch® (Janssen
Diagnostics, LLC Oncology Diagnotics, Raritan, NJ, USA) [21,22]. CellSearch® is a semiautomated
method that isolates CTCs by firstly applying an antibody for the epithelial cell adhesion molecule,
EpCAM, which is often present on carcinoma cells including breast cancer, but not present on normal
blood components. EpCAM antibodies are attached to microscopic iron particles, thus when a
magnetic field is applied across the blood sample, EpCAM positive cells are isolated. CTCs are then
identified by expression of cytokeratin 8, 18, 19 and lack of expression of CD45, the latter being a
lymphocyte marker. Finally the isolated cells are assessed morphologically for large nuclei and size as
well as other characteristics of malignancy [21].

This principle of an antibody (most frequently EpCAM) conjugated to magnetic particles is an
immunomagnetic method, and forms the basis of CTC enrichment in other technologies including
AdnaTest® (AdnaGen AG, Langerhagen, Germany), MACS (Magnetic Activated Cell Sorting
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system) [23], and MagSweeper [24]. For instance, AdnaTest BreastCancerSelect/Detect™ isolates
CTCs with use of EpCAM and MUCI antibodies conjugated to magnetic beads, with a magnetic
particle concentrator used to extract the labelled cells [25].

Importantly, there is increasing evidence that CTCs are a heterogeneous population of cells and that
the most invasive and aggressive phenotype is associated with an epithelial to mesenchymal transition
(EMT) and stem cell-like portrait. In this context, an enrichment technique that relies on EpCAM might
be ineffective at selecting cells undergoing EMT progression, whereby EpCAM expression is lost.
Consequently, some researchers are now evaluating the use of EMT markers to select CTCs [26,27].

Other enrichment methods separate CTCs from normal blood components based on physical
properties, for example differing density-gradients (RosetteSep™ [28], OncoQuick® (Greiner Bio One,
Munich, Germany) [29]), or differing size (ScreenCell® [30]). Density gradient techniques permit the
separation of mononuclear and tumor cells, based on their lower density, from other blood elements.
Alternatively, microfluidic chip technology (CTC-Chip [31], Herringbone (HB) Chip [32]) can
allow CTC isolation. The CTC-Chip is a silicon microchip with thousands of microposts coated with
anti-EpCAM. Whole blood is pushed over the chip surface, with EpCAM positive cells captured and
stained with anti-cytokeratin antibodies before being analysed by fluorescence microscopy [31]. A
potential improvement on the CTC-Chip is the HB chip, which follows similar principles of having
CTCs captured with EpCAM antibodies, but instead of using microposts, the HB Chip design uses
microvortices to cause a greatly enhanced number of collisions between CTCs and the antibody-coated
chip surface, thereby improving CTC yield [32].

Few studies have directly compared enrichment methods. Miiller et al. [33] demonstrated improved
CTC yield with CellSearch® compared with AdnaTest” in a prospective trial of MBC patients, while
Punnoose ef al. found that CellSearch® and CTC-Chip performed similarly as detection methods for
CTCs in cell lines and whole blood samples from healthy donors, breast, and lung cancer patients [34].
Development and validation of numerous other enrichment methods are ongoing [35], and while
results for some are promising, CellSearch® is, at present, the only method adequately validated to
receive FDA approval.

2.3.2. Molecular Analysis of CTCs

Just as there are various methods for isolating CTC from whole blood, assessment of biomarkers on
CTCs can be achieved using different techniques: through evaluation of protein expression, mRNA
expression, or chromosomal abnormalities. To evaluate protein expression on CTCs, the most well
validated assay is the immunofluorescence (IF) staining for HER2 on single CTCs through the fourth
filter on the CellTracks® Analyzer digital microscope of the CellSearch® System [36-39] (see Figure 1).
During CTC enrichment in the CellTracks system cells are stained with fluorescein-conjugated
anti-HER2/neu antibody, fluorescein-conjugated anti-EGFR antibody, or with phycoerythrin-conjugated
anti-IGF-1R antibody, with the IF image then evaluable visually on a computer screen. This same
procedure also allows cells to be stained for other proteins such as the neoepitope M30, which can
identify cells in early phases of apoptosis after lab development [40].
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Figure 1. Typical appearance of isolated cells using the CellSearch® method. DAPI:
fluorescently stains nuclear material; CK-PE: detects presence of cytokeratin 8, 18, 19;
CD45-APD: detects presence of CD45. (a) HER?2 negative CTC: this cell is a CTC evidenced
by CK positivity (2nd image from left) and DAPI positivity (3rd image) and CD45 negativity
(4th image). HER2 immun(ofluorescence is negative (5th image); (b) HER2 positive CTC:
CK is again positive, DAPI positive and CD45 negative consistent with this being a CTC.
HER?2 immunofluorescence is positive (5th image from left); (¢) Lymphocyte: This cell is not
a CTC as it is negative for CK (2nd image from left, compare with the two images above).
DAPI positivity and CD45 positivity indicates this is a lymphocyte.

DAPI/CK-PE CK-PE DAPI CD45-APD  HER2/neu

Alternatively, after enrichment isolated CTCs can be transferred onto a coated slide and stained
with an antibody of interest, or analysed using fluorescence in sifu hybridization (FISH) to assess for
chromosomal abnormalities [35,38,41]. FISH is predominantly applied to evaluate HER2 overexpression
due to amplification of the HER2 oncogene located on the long arm of chromosome 17 (17q12) [42,43].
The American Society of Clinical Oncology (ASCO) and the College of American Pathologists (CAP)
have developed guidelines for HER2 amplification in breast cancer: an absolute HER2 gene copy
number lower than four or HER2/CEP17 ratio of <1.8 is considered HER2 negative (HER2"), an
absolute HER2 gene copy number between four and six or HER2/CEP17 ratio between 1.8 and 2.2
is considered HER2 equivocal, and an absolute HER2 gene copy number greater than six or
HER2/CEP17 ratio >2.2 is considered HER2 positive (HER2") [44]. Importantly, while this same
definition of HER2 positivity FISH analysis can be applied to single CTCs [38], the number and
proportion of CTCs with elevated HER2/CEP17 ratio from the overall CTC population that constitutes
HER?2 positive disease is uncertain [41]. In addition, further evaluation of the role of polysomy 17 in
CTCs is needed. Hayashi et al. recently reported that, from a small case series, seven of 49 MBC
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patients had polysomy 17 detected on CTCs, although no CTCs with polysomy 17 were also HER2
amplified on FISH analysis [45].

Regarding the expression of mRNA on CTCs, this is assessed using real-time reverse transcription
polymerase chain reaction (RT-PCR) [35,46]. Following collection of whole blood samples in EDTA,
CTCs are selected using the CellSearch® system, and after a process of nucleic acid enrichment,
mRNA expression can be evaluated quantitatively [47]. Moreover, using the commercially available
AdnaTest®, after CTC enrichment and lysis, mRNA is isolated and retrotranscribed in cDNA, cDNA
can be tested for ERBB2 (HER2) mRNA [48], “stemness” markers, such as ALDHI, or markers of
epithelial-mesenchymal transition (EMT) including Twistl and Akt2 [49]. As the CTC is lysed in this
process, morphological assessment of the CTC or quantification of number of CTCs expressing the
specified biomarker are not possible.

Technologies other than AdnaTest” are being developed that allow mRNA assessment. For instance,
after HB Chip CTC enrichment, Yu ef al. was able to evaluate EMT markers on these CTCs using
QuantiGene View RNA in situ hybridization (Affymetrix, Santa Clara, CA, USA). Furthermore,
they demonstrated that the presence of CTCs with EMT characteristics correlated with disease
progression [50].

A further analysis technique worth mentioning is that of DEPArray® (Di-Electro-Phoretic Array
system; Silicon Biosystems, Bologna, Italy), a novel semiautomated system comprising of a chip with
microelectrode that create electric cages in which single CTCs are effectively trapped [51]. Ideally,
samples should be enriched prior to use of DEPArray™, which can be achieved using CellSearch®.
Following isolation of single pure CTCs, the cells’ DNA is amplified and sequenced, and genetic
markers of interest assessed. As the CTCs collected are pure, downstream analyses are much less
likely to be confounded with contaminants.

In a previous study from our group that compared techniques for determining HER2 status on
CTCs, good concordance between IF and FISH was demonstrated. From 25 evaluable MBC patients
with both FISH and IF analysis of CTCs, 19 of 20 patients with HER2 negative CTCs on FISH were
also IF negative, while four of five patients with HER2 amplification had concordant IF results [38].
This correlation between techniques is encouraging, however these data are preliminary. Further
prospective validation of the various methods for HER2 evaluation on CTCs is required before they
can be reliably applied in clinical practice.

3. CTC Biomarker Analyses in the Management of MBC

The majority of studies assessing biomarker expression on CTCs have been focused on HER2, with
limited data on hormone receptors or other putative biomarkers. The HER2 status has therapeutic
implications, being a strong predictive marker for clinical benefit from HER2-targeted therapies such
as trastuzumab and lapatinib, in both the metastatic and adjuvant breast cancer settings [52—-56]. HER2
overexpression on CTCs might theoretically therefore provide patients with an additional treatment
option, specifically in the setting of a HER2 negative/unknown primary tumor.
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3.1. HER?2 Data

Of the studies that have assessed HER2 expression in CTCs, the majority have evaluated
discordance rates between CTC HER2 expression and that of the primary breast cancer, with few
assessing the prognostic role of HER2" CTCs or the efficacy of anti-HER2 therapy.

3.1.1. HER2" CTCs and Prognosis

HER?2 positivity is a known poor prognostic factor [57-59] with HER2" breast cancers typified by
aggressive clinical course and early relapse. Much less is known about the prognostic implications of
HER2" CTCs. In a study of 76 patients with MBC from Munzone et al. [60], those with HER2" CTCs
at baseline after HER2- primary breast cancer had significantly shorter PFS than those who retained
HER2 status on CTCs, and patients with no CTCs (15 weeks vs. 20 weeks vs. 25 weeks, for
HER2" CTCs, HER2 CTCs, and no CTCs, respectively) [60]. Similarly, in a small study from
Hayashi et al. [36], PFS and OS were both significantly shorter in six patients with MBC and HER2"
CTCs, compared with 43 MBC patients without HER2" CTCs. In a multivariate analysis, the presence
of HER2" CTCs was an independent prognostic factor along with the number of prior therapies, while
CTC count, although not HER2" CTCs specifically, was an independent prognostic factor for OS [36].
Identification of HER2" CTCs, as defined by expression of HER2 mRNA derived from CTCs, was also
associated with shorter disease free survival (DFS) in a cohort of early breast cancer patients, although
this did not remain an independent prognostic factor in a multivariate analysis, nor was there any
significant association with OS [61]. Similarly, in a cohort of 35 stage I-1II breast cancer patients, the
presence of HER2" CTCs was associated with worse DFS and OS. In a multivariate analysis HER2"
CTCs and T stage were the only independent prognostic factors, although importantly, CTC count per
se was not included as a covariate [62].

An additional confounding factor regarding the prognostic role of HER2" CTCs is the potential
influence of anti-HER2 therapy. Giordano et al. recently reported that, in a cohort of over 500 MBC
patients, CTC count retained prognostic significance in ER" and triple negative subtypes, but this was
lost in patients with HER2" disease after trastuzumab treatment [63]. Munzone et al. similarly found
that a CTC count of 0 per 7.5 mL of whole blood was associated with better prognosis in all subtypes
except HER2", further suggesting this may have been due to the impact of targeted therapy, though no
data on anti-HER?2 therapy received was reported [64].

3.1.2. HER?2 Discordance

Discordance between primary breast cancer and HER2 expression on CTCs in the setting of disease
recurrence has been reported at variable rates, with rate of gain of HER2 from 9% to over 60% (see
Table 2). Importantly, as well as the varying methods of CTC enrichment and HER2 detection utilised,
the definition of HER2 positivity is widely ranging across studies. For instance, Ignatiadis et al.
defined HER2 positivity as the presence of >1 CTC expressing HER2 with IF staining intensity of at
least 2.5 times background [37]. In contrast, Ligthart et al. used threshold of at least five CTCs
detected, of which >75% had to be HER2 positive [65]. In a prospective study from Fehm et al. [48],
whether a patient was considered to be “HER2 positive” after CTC analysis was dependent on the
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definition employed. Using a ratio of HER2" CTCs to total CTCs of >10% compared with HER2" to
total CTC ratio of >50% resulted in the proportion of patients being classed “HER2 positive” of 64%
and 26%, respectively [48]. It is worth noting also that AdnaTest® or other RT-PCR based techniques
do not allow quantification of the number of HER2" CTCs, hence any HER2 mRNA detected could be
considered positive.

Table 2. Studies assessing HER2 discordance between primary tumor and HER2 on CTCs
in recurrent breast cancer. ” Includes only patients with metastatic breast cancer; * includes
only patients with known HER2 primary tumor status. FISH: fluorescence in situ
hybridization; IF: immunofluorescence; Immunomag: immunomagnetic technique; RT-PCR:
real-time reverse transcription polymerase chain reaction.

No.of  No. (%) CTC HER2 Rate of discordance*
Author [ref.] Year . . " _ Z =
pts #  with CTCs analysis assessment HER2"->HER2™ HER2 —>HER2
de Albuquerque 2012 32 24 (75%)  Immunomag RT-PCR 8/9 (89%) 4/15 (27%)
[66]
Fehm [67] 2007 77 21 (27%) Immunomag IF and FISH, 2/3 (67%) 4/12 (33%)
some with
RT-PCR
Fehm [48] 2010 254 122 (48%)  CellSearch® IF 13/31 (42%) 25/76 (33%)
229 90 (39%) AdnaTest” RT-PCR 13/22 (59%) 28/57 (49%)
Flores [68] 2010 75 75 (100%)  CellSearch® FISH 1/45 (2%) 10/30 (33%)
Ignatiadis [37] 2011 39 23 (59%)  CellSearch® IF 1/2 (50%) 13/21 (61%)
Ligthart [65] 2013 103 90 (87%)  CellSearch® IF (automated) 29% 9%
Meng [41] 2004 24 24 (100%) Immunomag FISH - 9/24 (38%)
Munzone [60] 2010 76 57(75%)  CellSearch® IF 2/15 (13%) 6/42 (14%)
Pestrin [38] 2009 66 40 (61%)  CellSearch® IF 5/12 (42%) 8/28 (29%)
Punnoose [34] 2010 38 29 (76%)  CellSearch® IF 3/12 (25%) 2/17 (12%)
Somlo [69] 2011 22 18 (81%) MACS IF 3/5 (60%) 3/13 (23%)
Tewes [14] 2009 42 22 (52%) AdnaTest RT-PCR 3/5 (60%) 5/17 (29%)

3.1.3. Treatment with Anti-HER2 Therapy for HER2" CTCs

Arguably the most important factor relating to HER2 analysis on CTCs is whether targeted treatment
of HER2" CTCs in a patient with HER2™ disease is effective. As yet, there are minimal data addressing
this. Meng et al. [41] reported in their retrospective study of 24 patients with MBC and HER2
primary tumor, that four of nine patients with HER2" CTCs at the time of metastatic disease received
trastuzumab. Of these, one had rapid remission of symptoms and complete response on imaging, two
patients had partial responses and one no response [41].

Conversely, minimal activity from anti-HER2 therapy was evident in an open label phase II trial
from Pestrin et al. In this prospective feasibility study, patients with recurrent disease after previous
HER2 primary breast cancer were screened for the presence of CTCs. From 139 screened patients,
96 had at least five detectable CTCs per 7.5 mL whole blood, and seven (7%) were HER2 positive,
with HER2 positivity defined as >50% of CTCs staining HER2" on CellSearch® IF assay. These seven
patients were commenced on lapatinib therapy, 1500 mg/day. There were no observed responses,
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while one patient has stable disease lasting 8.5 months [70]. Of note, recruitment of this study was
hampered by the low rate of HER2 positivity on CTCs as defined by the eligibility criteria.

In a parallel trial from Stebbing et al. [71], the feasibility of lapatinib treatment in MBC patients
with EGFR-expressing CTCs was assessed. Patients were required to have an EGFR negative primary
tumor and EGFR positivity on CTCs. In this case, the threshold for positivity was > 1 CTC expressing
EGFR. From 43 screened patients, 16 were eligible, with two withdrawing for toxicity to lapatinib
after commencement of treatment. There were no objective responses or stabilization of disease, with
all 16 patients progressing within 12 weeks of treatment [71]. While depletion of the EGFR" CTC pool
was observed in four patients on treatment, this did not appear to result in a meaningful clinical effect.
The small number of included patients limits interpretation of the results from both these trials,
highlighting the need for additional prospective studies.

Interestingly, Liu et al. also reported reduction in the pool of EGFR" CTCs with lapatinib treatment
in a case report of a woman with chemotherapy-refractory HER2" MBC. Decreased EGFR" CTC
count coincided with treatment response, while at the time of disease progression, increased EGFR
negative and HER2 negative CTCs were evident [72].

3.1.4. Ongoing Studies of Relevance

Based on the results from previous studies demonstrating alteration, in particular gain, in HER2
status during progression to MBC [48,67], the DETECT III randomised phase III trial (NCT01619111)
was launched by the same group in early 2012. This multicentre study compares standard therapy with
or without lapatinib in patients with MBC after HER2 ™ primary tumor but with HER2" CTCs [73] (see
Table 3), with the underlying concept being that acquisition of HER2 positivity on CTCs may present
patients with the alternate treatment option of anti-HER2 therapy. While the clinical implications of
HER2 discordance in MBC are uncertain, the rationale for a trial evaluating an approach that could
improve treatment response seems reasonable. Should the DETECT I1I trial demonstrate an advantage
for the addition of anti-HER2 therapy in the setting of apparent HER2 gain, treatment for patients
might also potentially expand to include other anti-HER2 agents. Of note, this trial was planned prior
to results from the prospective phase II trial from Pestrin et al. being published. The results of this
larger trial will be of interest, particularly in light of the negative results from the phase II trial.
A further trial in development evaluating anti-HER2 therapy efficacy in the setting of HER2" CTCs is
the provisionally named CirCe XXX1 trial [74].

One additional trial worth mentioning is the EORTC sponsored trastuzumab in HER2-negative
Early Breast Cancer as Adjuvant Treatment for Circulating Tumor Cells (TREAT CTC, NCT01548677).
The trial aims to determine if, using trastuzumab to facilitate antibody dependent cell-mediated
cytotoxicity (ADCC), HER2" CTCs can be eradicated, leading to improved clinical outcomes (see
Table 3). Of note, while this is an adjuvant therapy trial, with ADCC potentially considered more relevant
in the adjuvant than the advanced breast cancer setting, the rationale represents an alternate approach to
CTC (in this case micrometastatic disease) eradication and results are anticipated with interest.
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3.2. Other Biomarkers
3.2.1. ER/PgR

Data on other established or putative biomarkers are sparse. Aktas et al. [75] reported that, in a
cohort of 193 prospectively evaluated MBC patients, of whom 45% had CTCs detectable, less than
half showed concordance between ER and PgR expression. Predominantly, discordance was due to
loss of hormone receptor expression, occurring in 77% and 87% of ER" and PgR" tumors,
respectively [75]. This is consistent with data on ER and PgR expression of primary tumors compared
with metastatic tissue biopsy, where receptor loss is much more common than gain [18]. However, the
clinical implications of hormone receptor loss on CTCs are unknown. Trials of endocrine therapy in
the setting of apparent loss would generally be recommended, due to the relatively low toxicity rate
from endocrine therapies and the potential for a false negative result. To further assess the predictive
role of hormone receptor expression on CTCs prospective evaluation is needed, similar to that
currently being undertaken for HER2.

Table 3. Summary of DETECT III and TREAT CTC trial characteristics. CBR: clinical
benefit rate; FISH: fluorescence in situ hybridisation; (I)DFS: (invasive) disease free survival;
[HC: immunohistochemistry; MBC: metastatic breast cancer; NA: not applicable; ORR:
objective response rate; OS: overall survival; PFS: progression free survival; QoL: quality
of life; RFS: relapse free survival.

. DETECT III TREAT CTC
Trial type Phase I1I randomised controlled trial Phase II randomised controlled trial
Aim To compare standard therapy alone versus To compare trastuzumab versus
standard therapy plus lapatinib in patients observation in patients with HER2
with initially HER2-negative MBC and negative early breast cancer and
HER2-positive CTC detectable HER2-positive CTC after
(neo)adjuvant therapy and surgery
Rationale HER2" CTCs may indicate presence of Trastuzumab may facilitate anti-cancer

HER2" metastatic disease and increased
downstream proliferation due to HER2

activity through activation of antibody
dependent cell-mediated cytotoxicity

activation. This pathway activation might be  against HER2" CTCs, rather than direct

blocked by anti-HER?2 therapy HER?2 inhibition
Control arm Standard therapy options: aromatase Observation
inhibitors, taxanes, capecitabine, vinorelbine,
non pegylated liposomal doxorubicin
No. of previous <3 NA
chemotherapy lines
for MBC permitted
Primary tumor HER?2 negative HER?2 negative (mandatory central
confirmation)
Requirement for CTC >1 HER2" CTC as determined by IHC or >1 HER2" CTC per 15 mL whole
FISH, per 7.5 mL whole blood blood

Primary outcome PFS
measure

CTC detection at week 18
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Table 3. Cont.

Trial type DETECT III TREAT CTC
Phase III randomised controlled trial Phase II randomised controlled trial
Secondary outcome  ORR; CBR; OS; QoL; safety, pain intensity, RES; IDFS; DFS; OS; safety; CTC
measures CTC count dynamics assay and correlation
Estimated enrolment 228 2,175
Estimated primary March 2016 January 2015

completion date

3.2.2. PIK3CA Mutations

Activation of the PI3K/Akt/mTOR signalling pathway can lead to increased cell proliferation and
dysfunction of tumor suppression function [76]. Mutations or loss of expression in components of this
pathway occur frequently in many cancer types, particularly luminal or ER" breast cancers. The most
commonly reported mutation is that of phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic
subunit a (PIK3CA), although the clinical implications of mutations in this gene are unclear. While
dysfunction in PI3K pathway can increase tumorogenesis, retrospective data suggest that outcomes
might be more favourable in patients with ER" breast cancer expressing a PIK3CA mutation [77].

Despite the uncertainty regarding the prognostic impact of PIK3CA mutations, this gene is of
significant interest given both the prevalence of reported mutations, and the existence of a number of
targeted therapies already in clinical development against this pathway. Thus, evaluation of PIK3CA
mutations on CTCs might have clinical relevance. Following enrichment of blood samples from 44
MBC patients with CellSearch®™, Schenk e al. were able to isolate, amplify and analyse genomic DNA
for PIK3CA mutations in the known mutations hotspots of exon 9 and 22. Mutations were detected in 7
out of 44 patients (16%), although the frequently reported E542K, E545G and ES545A variants were
not detected [78].

Our group has recently reported an alternative feasible method for the molecular assessment of
CTCs, in particular PIK3CA mutations, in MBC. Utilization of CellSearch® followed by DEPArray™
enabled recovery of single pure CTCs in patients with MBC. Using whole genome amplification
(WGA) and sequencing reactions on single CTC DNA samples, mutations in the PIK3CA gene were
identified in 4 out of 13 evaluable patients [79]. In an exploratory analysis, six cases with more than
one CTC sequenced had no heterogeneity in mutational status of PIK3CA gene. While significantly
limited in numbers at present, this pilot study demonstrates that isolation and molecular analysis for
PIK3CA mutation on single CTCs in MBC patients is feasible. Ongoing planned research includes
further validation of this method and evaluation of PIK3CA mutational status defined on CTC compared
with that of tumor tissue from primary or metastatic disease. While this approach demonstrated
feasibility, ultimately prospective evaluation of targeted agents against aberrant PI3K signalling
pathway in patients with PIK3CA mutation positive CTCs would be required to clarify the clinical
utility of this approach.
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3.2.3. Chemotherapy Biomarkers

Chemotherapy is effective in the treatment of MBC, however, not all those patients treated will
respond, although all will be subjected to the toxic side effects. Results from neoadjuvant chemotherapy
trials suggest tumor biology is an important factor in determining response to chemotherapy, whereby
luminal A breast cancer is relatively chemoresistant, with other subtypes are chemosensitive [80].
Otherwise, the decision to commence chemotherapy is typically made based on patient factors, extent
and clinical trajectory of disease, and alternate treatment options. Response to treatment is evaluated
using clinical and radiological means, with neither of these approaches consistently allowing early
detection of treatment resistance that might enable early cessation of an ineffective therapy.

There are preliminary data suggesting that CTCs might be useful in chemotherapy response
prediction both at baseline and after treatment commencement. CTC count has been suggested as a
marker of chemotherapy response in MBC [14,15]. Furthermore, in a study of 34 newly-diagnosed
MBC patients, Cheng et al. reported that detection of MUC-1 mRNA from CTCs after the first cycle
of chemotherapy was significantly associated with poorer response rate compared with patients with
undetectable MUC-1 mRNA, while there was a trend towards increased PFS in MUC-1 mRNA
negative patients. MUC-1 mRNA prior to commencement of chemotherapy showed no correlation
with efficacy of chemotherapy [81].

An extension of the concept of evaluation of chemosensitivity in general is that of evaluation of
sensitivity to specific chemotherapeutic agents, of which there are currently no known validated
biomarkers. Conflicting and inconclusive data exist for the putative biomarker TOP2A and response to
anthracyclines [82—84], while mutant p53 as a marker of taxane sensitivity has been shown to be of
little clinical use [85,86]. Using molecular analysis of CTCs, Gazzaniga et al. [87] investigated the
ability of a panel of genes for multi drug resistance proteins (MRPs) associated with resistance to
specific chemotherapeutic agents to differentiate chemotherapy responders from non-responders. From
105 cancer patients with either early stage or advanced disease, a minority (n = 14) of whom had
breast cancer, CTCs were detected in 54 patients (51%). Patients were classified as chemotherapy
“resistant” or “sensitive” based on expression of MRPs on CTCs correlated with the specific
chemotherapeutic regimen they received. From 32 advanced cancer patients, 21 developed progressive
disease, 20 of whom had a “resistant” profile. Similarly, for the 11 patients with disease stabilization,
there was 100% correlation with a “sensitive” profile. Furthermore, in a univariate analysis, there was
a statistically significant correlation between the CTC drug-resistance gene profile and both time to
progression in metastatic disease and disease free survival in early stage disease [87].

These data are very preliminary and limited by low patient numbers, yet intriguing, and further
research in this area would be of particular interest to improve efficacy and reduce unnecessary
toxicities from chemotherapy in treatment of MBC.
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4. Issues and Challenges
4.1. Technical Challenges with CTC Analysis
4.1.1. Detection of CTCs

As CellSearch®, along with several other CTC enrichment techniques, relies on the presence of
epithelial cell markers, CTCs that do not express EpCAM, such as those that have undergone EMT
may be missed [88,89]. EMT is a process thought to be critical in the ability of a cancer to metastasise.
Transition to a mesenchymal phenotype, and thus loss of expression of the epithelial marker, EpCAM,
allows cell migration, while re-establishment of epithelial phenotype at the site of metastasis promotes
cell proliferation, growth and establishment of a new site of disease. Detection of higher rates of CTCs
in ER" compared with higher risk tumors has been reported [34,64]. Although higher risk tumors
might be expected to have higher CTC counts given their higher propensity to recur, a counterintuitive
decrease in CTC detection could relate to EMT, which has been reported to occur at increased rates in
certain high-risk tumor types, such as basal-like and triple negative breast cancer [90-92].

There is a need to improve CTC detection techniques, in particular focusing on methods for
identifying CTCs even in the setting of EMT. One such approach might be through use of antibodies
against Twistl, Akt2 or other EMT markers [49]. For instance, Bitting et al. recently reported
development of a mesenchymal-based method of isolating CTCs in men with metastatic prostate
cancer based on surface expression of OB-cadherin [93]. The utility of this method in breast cancer has
yet to be evaluated. Furthermore, there is evidence that “normal-like” breast cancer cell lines do not
express EpCAM, in comparison with other intrinsic subtypes, and hence can be missed using this
antibody alone [94]. CD146 is instead frequently expressed, and the addition of anti-CD146 to
EpCAM was recently demonstrated to improve the recovery of CTCs in a cohort of 20 MBC
patients [26]. Finally, in addition to improving the ability to detect CTCs undergoing EMT, or other
CTCs not expressing EpCAM, it is important to be able to identify viable cells from those that have
undergone apoptosis, something that might be achieved using an antibody against M30 neoepitope [40].

4.1.2. What Is the Best Technique for Molecular Analysis?

While there is only one FDA approved method for CTC enrichment, many others are in development
and show promising preliminary results. Studies comparing different technologies might be useful to
suggest the relative sensitivity and specificity of each. In order for CTC molecular analysis to enter routine
clinical practice in the future, enrichment of CTCs and the subsequent method of CTC analysis should
ideally be standardised, so that results obtained might be applied more easily across patient populations.

In particular, differences in rates of HER2 positivity (or other molecular markers) can be seen
depending on which detection and analytical method is applied [48]. This makes correlation between
molecular marker expression and clinical response to a targeted therapy against that marker critical in
order to permit application of CTC molecular analysis in a clinical context.
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4.1.3. Standardising Definitions of Biomarker Expression

Since formulation of the ASCO and CAP guidelines for defining HER2 positivity, there is reasonable
reliability of HER2 results obtained from tissue samples. Molecular analysis on CTCs is a relatively
new field and as yet, it is not known how best to define a patient as having HER2" disease based on
CTC HER?2 status. While the assays to detect HER2 on CTCs are themselves reliable, interpretation of
these results and their utility in a clinical context are not. Given the known heterogeneity of HER2
overexpression within single tumors, not all CTCs would be expected to be HER2", but the optimal
cut-off for the proportion of HER2" CTCs to define a patients CTC-HER2 positive is yet to be
determined. Standardisation of the definition of HER2 positivity can only be achieved through
evaluation in a prospective clinical trial setting. Employing a definition of HER2 positivity that results
in no response to anti-HER2 therapy has little clinical relevance. It might be possible to evaluate this
issue within clinical trials of anti-HER?2 therapies by selecting a lower threshold for HER2 positivity,
with evaluation of response in subgroups based on number and proportion of HER2" CTCs.

4.1.4. Feasibility

CTC analysis remains a relatively costly research tool at present, primarily due to the cost of the
analytical equipment. In addition, expertise is required to perform CTC analysis, limiting access of this
technology to dedicated research laboratories. Ongoing expansion of this field however, will ideally
see a decrease in the costs related to access to CTC technologies, as well as an increase in the number
of skilled researchers with expertise in interpretation of CTC molecular analyses.

4.2. Limited Patient Numbers

Studies evaluating CTC molecular characterisation are all relatively limited in terms of number of
included patients. As such, results across all studies should be interpreted with caution and no firm
conclusions be drawn. Unlike the prognostic utility of CTCs in MBC, which has been well established
and validated in prospective trials, predictive biomarkers on CTCs lack adequate prospective
validation and therefore are not yet ready to be applied in a clinical setting.

4.3. Heterogeneity

CTCs are rare, and analysis of biomarker expression, such as HER2, on CTCs provides markedly
less comprehensive assessment of the entire tumor than might a tissue biopsy, where hundreds of cells
can be analysed. There is minimal data available on heterogeneity of biomarkers on CTCs, raising the
question of whether molecular analysis results are fully representative of the metastatic tumor.
Furthermore, tumor heterogeneity in tissue samples is well recognised, increasing the probability that
CTCs expressing differing molecular profiles might be seeded into the bloodstream. Research into the
impact of heterogeneity is crucial, and specifically if, in the setting of discordance with the primary
tumor, treatment should be targeted against the most aggressive characteristic found, or, alternatively,
the most common. Indeed, it will not be possible to reliably interpret CTC biomarker results in a
clinical context until our understanding of CTC biomarker heterogeneity improves.
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4.4. Clinical Relevance of Biomarkers and Interpretation of CTC Biomarker Results

Biomarker analysis of single CTCs is now becoming a feasible approach analytically, although,
critically, the clinical relevance of biomarker expression on CTCs is unknown. In particular, there is no
evidence that treatment of patients’ metastatic disease based on the CTC molecular profile, rather than
the primary tumor, improves clinical outcomes. Studies that have assessed HER2 discordance between
primary breast cancer and tissue biopsy of metastatic disease report alterations in treatment administered
due to rebiopsy, with some suggesting treatment response to anti-HER2 therapy with HER2 gain,
however these data are very limited [18]. In order for CTC analysis to be adopted as a means of
directing treatment decisions in MBC, prospective studies addressing this clinical question are
required. The results from the DETECT III trial are therefore awaited with considerable interest.

5. Conclusions

Molecular analyses on CTCs are feasible, although there are many questions that must be addressed
in terms of reproducibility, assay sensitivity, reliability of results and clinical relevance before this
approach can be considered suitable for routinely guiding management in MBC. Although the existing
challenges that must be met in order to translate CTC biomarker analysis into a technique that can
improve outcomes in MBC patients are substantial, the potential benefits are at least as, if not more,
substantial. Such benefits include improved prognostication, increased understanding of breast cancer
disease processes, feasible disease monitoring on therapy, and adjustment of treatment based on
real-time biological changes in cancers. With ongoing development of this field, CTC analysis might
provide us in the future with a relatively simple, repeatable and reproducible assay to help tailor
treatment for individual MBC patients, leading ideally to improved outcomes in this disease.

Acknowledgments

We wish to thank the “Sandro Pitigliani” Foundation, the Breast Cancer Research Foundation,
Susan G. Komen for the Cure Foundation, and the Italian Association for Cancer Research (AIRC) for
their generous support.

Author Contributions

Natalie Turner, Marta Pestrin, Luca Malorni, Francesca Galardi, Francesca De Luca, and Angelo Di
Leo developed the concept for this manuscript. F.G. and F.L. obtained the circulating tumor cell
images. Natalie Turner, Marta Pestrin, Francesca Galardi, Francesca De Luca, and Luca Malorni
performed the associated literature reviews. All authors contributed to the writing of the manuscript
and all authors read and approved the final manuscript for submission.

Conflicts of Interest

The authors declare no conflict of interest.



Cancers 2014, 6 700

References

10.

1.

12.

13.

14.

National Cancer Institute Surveillance, Epidemiology and End Results: Breast cancer incidence
and mortality. Available online: www.seer.gov/statfacts/html/breast.html (accessed on 11 August 2013).
Cancer Research UK breast cancer incidence statistics. Available online: http://www.cancerresearchuk.
org/cancer-info/cancerstats/types/breast/incidence/ (accessed on 11 August 2013).

Brewster, A.M.; Hortobagyi, G.N.; Broglio, K.R.; Kau, S.W.; Santa-Maria, C.A.; Arun, B.;
Buzdar, A.U.; Booser, D.J.; Valero, V.; Bondy, M.; ef al. Residual risk of breast cancer recurrence
5 years after adjuvant therapy. J. Natl. Cancer Inst. 2008, 100, 1179-1183.

Gupta, G.P.; Massague, J. Cancer metastasis: Building a framework. Cel/ 2006, 127, 679-695.
Valastyan, S.; Weinberg, R.A. Tumor metastasis: Molecular insights and evolving paradigms.
Cell 2011, 147,275-292.

Ashworth, T.R. A case of cancer in which cells similar to those in the tumours were seen in the
blood after death. Aust. Med. J. 1869, 14, 146—-149.

Cristofanilli, M.; Budd, G.T.; Ellis, M.J.; Stopeck, A.; Matera, J.; Miller, M.C.; Reuben, J.M.;
Doyle, G.V.; Allard, W.J.; Terstappen, L.W.; et al. Circulating tumor cells, disease progression,
and survival in metastatic breast cancer. N. Engl. J. Med. 2004, 351, 781-791.

Dawood, S.; Broglio, K.; Valero, V.; Reuben, J.; Handy, B.; Islam, R.; Jackson, S.; Hortobagyi, G.N.;
Fritsche, H.; Cristofanilli, M. Circulating tumor cells in metastatic breast cancer: From prognostic
stratification to modification of the staging system? Cancer 2008, 113, 2422-2430.

Hayes, D.F.; Cristofanilli, M.; Budd, G.T.; Ellis, M.J.; Stopeck, A.; Miller, M.C.; Matera, J.;
Allard, W.J.; Doyle, G.V.; Terstappen, L.W. Circulating tumor cells at each follow-up time point
during therapy of metastatic breast cancer patients predict progression-free and overall survival.
Clin. Cancer Res. 2006, 12, 4218-4224.

Zhang, L.; Riethdorf, S.; Wu, G.; Wang, T.; Yang, K; Peng, G.; Liu, J.; Pantel, K. Meta-analysis
of the prognostic value of circulating tumor cells in breast cancer. Clin. Cancer Res. 2012, 18,
5701-5710.

Bidard, F.C.; Vincent-Salomon, A.; Sigal-Zafrani, B.; Dieras, V.; Mathiot, C.; Mignot, L.; Thiery, J.P.;
Sastre-Garau, X.; Pierga, J.Y. Prognosis of women with stage IV breast cancer depends on detection
of circulating tumor cells rather than disseminated tumor cells. Ann. Oncol. 2008, 19, 496-500.
Pierga, J.Y.; Hajage, D.; Bachelot, T.; Delaloge, S.; Brain, E.; Campone, M.; Dieras, V.; Rolland, E.;
Mignot, L.; Mathiot, C.; et al. High independent prognostic and predictive value of circulating
tumor cells compared with serum tumor markers in a large prospective trial in first-line chemotherapy
for metastatic breast cancer patients. Ann. Oncol. 2012, 23, 618—624.

Rack, B.; Schindlbeck, C.; Andergassen, A.; Schneeweiss, A.; Zwingers, T.; Lichtenegger, W.;
Beckmann, M.; Sommer, H.; Pantel, K.; Janni, W. Use of circulating tumor cells (CTC) in
peripheral blood of breast cancer patients before and after adjuvant chemotherapy to predict risk
of relapse: The SUCCESS trial. J. Clin. Oncol. 2010, 28, Abstract No. 1003.

Tewes, M.; Aktas, B.; Welt, A.; Mueller, S.; Hauch, S.; Kimmig, R.; Kasimir-Bauer, S. Molecular
profiling and predictive value of circulating tumor cells in patients with metastatic breast cancer:
An option for monitoring response to breast cancer related therapies. Breast Cancer Res. Treat.
2009, 715, 581-590.



Cancers 2014, 6 701

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Martin, M.; Custodio, S.; de Las Casas, M.L.; Garcia-Saenz, J.A.; de la Torre, J.C.; Bellon-Cano, J.M.;
Lopez-Tarruella, S.; Vidaurreta-Lazaro, M.; de la Orden, V.; Jerez, Y.; et al. Circulating tumor
cells following first chemotherapy cycle: An early and strong predictor of outcome in patients
with metastatic breast cancer. Oncologist 2013, 18, 917-923.

Budd, G.T.; Cristofanilli, M.; Ellis, M.J.; Stopeck, A.; Borden, E.; Miller, M.C.; Matera, J.;
Repollet, M.; Doyle, G.V.; Terstappen, L.W.; et al. Circulating tumor cells versus imaging-predicting
overall survival in metastatic breast cancer. Clin. Cancer Res. 2006, 12, 6403—-6409.

Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, /44, 646—674.
Turner, N.H.; di Leo, A. HER2 discordance between primary and metastatic breast cancer:
Assessing the clinical impact. Cancer Treat. Rev. 2013, 39, 947-957.

Amir, E.; Miller, N.; Geddie, W.; Freedman, O.; Kassam, F.; Simmons, C.; Oldfield, M.;
Dranitsaris, G.; Tomlinson, G.; Laupacis, A.; ef al. Prospective study evaluating the impact of tissue
confirmation of metastatic disease in patients with breast cancer. J. Clin. Oncol. 2012, 30, 587-592.
Thompson, A.M.; Jordan, L.B.; Quinlan, P.; Anderson, E.; Skene, A.; Dewar, J.A.; Purdie, C.A.
Prospective comparison of switches in biomarker status between primary and recurrent breast
cancer: The Breast Recurrence In Tissues Study (BRITS). Breast Cancer Res. 2010, 12, R92.
Riethdorf, S.; Fritsche, H.; Muller, V.; Rau, T.; Schindlbeck, C.; Rack, B.; Janni, W.; Coith, C.;
Beck, K.; Janicke, F.; et al. Detection of circulating tumor cells in peripheral blood of patients
with metastatic breast cancer: A validation study of the CellSearch system. Clin. Cancer Res.
2007, 13, 920-928.

Kraan, J.; Sleijfer, S.; Strijbos, M.H.; Ignatiadis, M.; Peeters, D.; Pierga, J.Y.; Farace, F.;
Riethdorf, S.; Fehm, T.; Zorzino, L.; et al. External quality assurance of circulating tumor cell
enumeration using the CellSearch® system: A feasibility study. Cyfom. B Clin. Cytom. 2011, 80,
112-118.

Mostert, B.; Sleijfer, S.; Foekens, J.A.; Gratama, J.W. Circulating tumor cells (CTCs): Detection
methods and their clinical relevance in breast cancer. Cancer Treat. Rev. 2009, 35, 463—-474.
Talasaz, A.H.; Powell, A.A.; Huber, D.E.; Berbee, J.G.; Roh, K.H.; Yu, W.; Xiao, W.; Davis, M.M.;
Pease, R.F.; Mindrinos, M.N.; ef al. Isolating highly enriched populations of circulating epithelial
cells and other rare cells from blood using a magnetic sweeper device. Proc. Natl. Acad. Sci. USA
2009, 106, 3970-3975.

Allan, A.L.; Keeney, M. Circulating tumor cell analysis: Technical and statistical considerations
for application to the clinic. J. Oncol. 2010, 2010, e426218.

Mostert, B.; Kraan, J.; Bolt-de Vries, J.; van der Spoel, P.; Sieuwerts, A.M.; Schutte, M.;
Timmermans, A.M.; Foekens, R.; Martens, J.W.; Gratama, J.W.; et al. Detection of circulating
tumor cells in breast cancer may improve through enrichment with anti-CD146. Breast Cancer
Res. Treat. 2011, 127, 33-41.

Bednarz-Knoll, N.; Alix-Panabieres, C.; Pantel, K. Plasticity of disseminating cancer cells in
patients with epithelial malignancies. Cancer Metastasis Rev. 2012, 31, 673—687.

Naume, B.; Borgen, E.; Tossvik, S.; Pavlak, N.; Oates, D.; Nesland, J.M. Detection of isolated
tumor cells in peripheral blood and in BM: Evaluation of a new enrichment method. Cytotherapy
2004, 6, 244-252.



Cancers 2014, 6 702

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Gertler, R.; Rosenberg, R.; Fuehrer, K.; Dahm, M.; Nekarda, H.; Siewert, J.R. Detection of
circulating tumor cells in blood using an optimized density gradient centrifugation. Recent Results
Cancer Res. 2003, 162, 149-155.

Desitter, 1.; Guerrouahen, B.S.; Benali-Furet, N.; Wechsler, J.; Janne, P.A.; Kuang, Y.; Yanagita, M.;
Wang, L.; Berkowitz, J.A.; Distel, R.J.; et al. A new device for rapid isolation by size and
characterization of rare circulating tumor cells. Anticancer Res. 2011, 31, 427-441.

Nagrath, S.; Sequist, L.V.; Maheswaran, S.; Bell, D.W_; Irimia, D.; Ulkus, L.; Smith, M.R.;
Kwak, E.L.; Digumarthy, S.; Muzikansky, A.; et al. Isolation of rare circulating tumour cells in
cancer patients by microchip technology. Nature 2007, 450, 1235-1239.

Stott, S.L.; Hsu, C.H.; Tsukrov, D.I.; Yu, M.; Miyamoto, D.T.; Waltman, B.A.; Rothenberg, S.M.;
Shah, A.M.; Smas, M.E.; Korir, G.K.; et al. Isolation of circulating tumor cells using a
microvortex-generating herringbone-chip. Proc. Natl. Acad. Sci. USA 2010, 107, 18392—18397.
Miiller, V.; Riethdorf, S.; Rack, B.; Janni, W.; Fasching, P.A.; Solomayer, E.; Aktas, B.;
Kasimir-Baurer, S.; Pantel, K.; Fehm, T. Prognotistic impact of circulating tumor cells assessed
with the CellSearch System™ and AdnaTest Breast™ in metastatic breast cancer patients: The
DETECT study. Breast Cancer Res. 2012, 14, R118.

Punnoose, E.A.; Atwal, S.K.; Spoerke, J.M.; Savage, H.; Pandita, A.; Yeh, R.F.; Pirzkall, A.;
Fine, B.M.; Amler, L.C.; Chen, D.S.; et al. Molecular biomarker analyses using circulating tumor
cells. PLoS One 2010, 5, e12517.

Lianidou, E.S.; Markou, A. Circulating tumor cells in breast cancer: Detection systems, molecular
characterization, and future challenges. Clin. Chem. 2011, 57, 1242—1255.

Hayashi, N.; Nakamura, S.; Tokuda, Y.; Shimoda, Y.; Yagata, H.; Yoshida, A.; Ota, H.;
Hortobagyi, G.N.; Cristofanilli, M.; Ueno, N.T. Prognostic value of HER2-positive circulating
tumor cells in patients with metastatic breast cancer. Int. J. Clin. Oncol. 2012, 17, 96-104.
Ignatiadis, M.; Rothe, F.; Chaboteaux, C.; Durbecq,V.; Rouas, G.; Criscitiello, C.; Metallo, J.;
Kheddoumi, N.; Singhal, S.K.; Michiels, S.; et al. HER2-positive circulating tumor cells in breast
cancer. PLoS One 2011, 6, ¢15624.

Pestrin, M.; Bessi, S.; Galardi, F.; Truglia, M.; Biggeri, A.; Biagioni, C.; Cappadona, S.;
Biganzoli, L.; Giannini, A.; di Leo, A. Correlation of HER2 status between primary tumors and
corresponding circulating tumor cells in advanced breast cancer patients. Breast Cancer Res.
Treat. 2009, 118, 523-530.

Riethdorf, S.; Muller, V.; Zhang, L.; Rau, T.; Loibl, S.; Komor, M.; Roller, M.; Huober, J.;
Fehm, T.; Schrader, I.; et al. Detection and HER2 expression of circulating tumor cells:
Prospective monitoring in breast cancer patients treated in the neoadjuvant GeparQuattro trial.
Clin. Cancer Res. 2010, 16, 2634-2645.

Rossi, E.; Basso, U; Celadin, R.; Zilio, F.; Pucciarelli, S.; Aieta, M.; Barile, C.; Sava, T.;
Bonciarelli, G.; Tumolo, S.; ef al. M30 neoepitope expression in epithelial cancer: Quantification of
apoptosis in circulating tumor cells by CellSearch analysis. Clin. Cancer Res. 2010, 16, 5233-5243.
Meng, S.; Tripathy, D.; Shete, S.; Ashfaq, R.; Haley, B.; Perkins, S.; Beitsch, P.; Khan, A.; Euhus, D.;
Osborne, C.; et al. HER-2 gene amplification can be acquired as breast cancer progresses.
Proc. Natl. Acad. Sci. USA 2004, 101, 9393-9398.



Cancers 2014, 6 703

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Van de Vijver, M.J.; Mooi, W.J.; Peterse, J.L.; Nusse, R. Amplification and over-expression of
the neu oncogene in human breast carcinomas. Eur. J. Surg. Oncol. 1988, 14, 111-114.

Revillion, F.; Bonneterre, J.; Peyrat, J.P. ERBB2 oncogene in human breast cancer and its clinical
significance. Eur. J. Cancer 1998, 34, 791-808.

Wolff, A.C.; Hammond, M.E.; Schwartz, J.N.; Hagerty, K.L.; Allred, D.C.; Cote, R.J.; Dowsett, M.;
Fitzgibbons, P.L.; Hanna, W.M.; Langer, A.; et al. American society of clinical oncology/college of
American pathologists guideline recommendations for human epidermal growth factor receptor 2
testing in breast cancer. J. Clin. Oncol. 2007, 25, 118-145.

Hayashi, N.; Nakamura, S.; Yagata, H.; Shimoda, Y.; Ota, H.; Hortobagyi, G.N.; Cristofanilli, M.;
Ueno, N.T. Chromosome 17 polysomy in circulating tumor cells in patients with metastatic breast
cancer: A case series. Int. J. Clin. Oncol. 2011, 16, 596-600.

Lankiewicz, S.; Rivero, B.G.; Bocher, O. Quantitative real-time RT-PCR of disseminated tumor
cells in combination with immunomagnetic cell enrichment. Mol. Biotechnol. 2006, 34, 15-27.
Sieuwerts, A.M.; Mostert, B.; Bolt-de Vries, J.; Peeters, D.; de Jongh, F.E.; Stouthard, J.M.;
Dirix, L.Y.; van Dam, P.A.; van Galen, A.; de Weerd, V.; ef al. mRNA And microRNA expression
profiles in circulating tumor cells and primary tumors of metastatic breast cancer patients.
Clin. Cancer Res. 2011, 17, 3600-3618.

Fehm, T.; Muller, V.; Aktas, B.; Janni, W.; Schneeweiss, A.; Stickeler, E.; Lattrich, C.; Lohberg, C.R.;
Solomayer, E.; Rack, B.; et al. HER2 status of circulating tumor cells in patients with metastatic
breast cancer: A prospective, multicenter trial. Breast Cancer Res. Treat. 2010, 124, 403—412.
Aktas, B.; Tewes, M.; Fehm, T.; Hauch, S.; Kimmig, R.; Kasimir-Bauer, S. Stem cell and
epithelial-mesenchymal transition markers are frequently overexpressed in circulating tumor cells
of metastatic breast cancer patients. Breast Cancer Res. 2009, 11, R46.

Yu, M.; Bardia, A.; Wittner, B.S.; Stott, S.L.; Smas, M.E.; Ting, D.T.; Isakoff, S.J.; Ciciliano, J.C.;
Wells, M.N.; Shah, A.M.; et al. Circulating breast tumor cells exhibit dynamic changes in epithelial
and mesenchymal composition. Science 2013, 339, 580-584.

Fuchs, A.B.; Romani, A.; Freida, D.; Medoro, G.; Abonnenc, M.; Altomare, L.; Chartier, I.;
Guergour, D.; Villiers, C.; Marche, P.N.; et al. Electronic sorting and recovery of single live cells
from microlitre sized samples. Lab Chip 2006, 6, 121-126.

Goldhirsch, A.; Gelber, R.; Piccart-Gebhart, M.J.; de Azambuja, E.; Procter, M.; Suter, T.M.;
Jackisch, C.; Cameron, D.; Weber, H.A.; Heinzmann, D.; ef al. 2 years versus 1 year of adjuvant
trastuzumab for HER2-positive breast cancer (HERA): An open-label, randomised controlled trial.
Lancet 2013, 382, 1021-1028.

Romond, E.H.; Perez, E.A.; Bryant, J.; Suman, V.J.; Geyer, C.E., Jr.; Davidson, N.E.; Tan-Chiu, E.;
Martino, S.; Paik, S.; Kaufman, P.A.; et al. Trastuzumab plus adjuvant chemotherapy for operable
HER2-positive breast cancer. N. Engl. J. Med. 2005, 353, 1673—-1684.

Slamon, D.; Eiermann, W.; Robert, N.; Pienkowski, T.; Martin, M.; Press, M.; Mackey, J.;
Glaspy, J.; Chan, A.; Pawlicki, M.; ef al. Adjuvant trastuzumab in HER2-positive breast cancer.
N. Engl. J. Med. 2011, 365, 1273—1283.

Slamon, D.J.; Leyland-Jones, B.; Shak, S.; Fuchs, H.; Paton, V.; Bajamonde, A.; Fleming, T.;
Eiermann, W.; Wolter, J.; Pegram, M.; et al. Use of chemotherapy plus a monoclonal antibody



Cancers 2014, 6 704

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

against HER2 for metastatic breast cancer that overexpresses HER2. N. Engl. J. Med. 2001, 344,
783-792.

Bempt, 1.V.; van Loo, P.; Drijkoningen, M.; Neven, P.; Smeets, A.; Christiaens, M.R.; Paridaens, R.;
de Wolf-Peeters, C. Polysomy 17 in breast cancer: Clinicopathologic significance and impact on
HER-2 testing. J. Clin. Oncol. 2008, 26, 4869—4874.

Slamon, D.J.; Godolphin, W.; Jones, L.A.; Holt, J.A.; Wong, S.G.; Keith, D.E.; Levin, W.J.;
Stuart, S.G.; Udove, J.; Ullrich, A.; ef al. Studies of the HER-2/neu proto-oncogene in human
breast and ovarian cancer. Science 1989, 244, 707-712.

Ravdin, P.M.; Chamness, G.C. The c-erbB-2 proto-oncogene as a prognostic and predictive
marker in breast cancer: A paradigm for the development of other macromolecular markers—A
review. Gene 1995, 159, 19-27.

Hynes, N.E.; Gerber, H.A.; Saurer, S.; Groner, B. Overexpression of the c-erbB-2 protein in
human breast tumor cell lines. J. Cell Biochem. 1989, 39, 167-173.

Munzone, E.; Nole, F.; Goldhirsch, A.; Botteri, E.; Esposito, A.; Zorzino, L.; Curigliano, G.;
Minchella, 1.; Adamoli, L.; Cassatella, M.C.; et al. Changes of HER2 status in circulating tumor
cells compared with the primary tumor during treatment for advanced breast cancer. Clin. Breast
Cancer 2010, 10, 392-397.

Ignatiadis, M.; Kallergi, G.; Ntoulia, M.; Perraki, M.; Apostolaki, S.; Kafousi, M.; Chlouverakis, G.;
Stathopoulos, E.; Lianidou, E.; Georgoulias, V.; ef al. Prognostic value of the molecular detection
of circulating tumor cells using a multimarker reverse transcription-PCR assay for cytokeratin 19,
mammaglobin A, and HER?2 in early breast cancer. Clin. Cancer Res. 2008, 14, 2593-2600.
Wulfing, P.; Borchard, J.; Buerger, H.; Heidl, S.; Zanker, K.S.; Kiesel, L.; Brandt, B.
HER2-positive circulating tumor cells indicate poor clinical outcome in stage I to III breast cancer
patients. Clin. Cancer Res. 2006, 12, 1715-1720.

Giordano, A.; Giuliano, M.; de Laurentiis, M.; Arpino, G.; Jackson, S.; Handy, B.C.; Ueno, N.T.;
Andreopoulou, E.; Alvarez, R.H.; Valero, V.; et al. Circulating tumor cells in immunohistochemical
subtypes of metastatic breast cancer: Lack of prediction in HER2-positive disease treated with
targeted therapy. Ann. Oncol. 2012, 23, 1144-1150.

Munzone, E.; Botteri, E.; Sandri, M.T.; Esposito, A.; Adamoli, L.; Zorzino, L.; Sciandivasci, A.;
Cassatella, M.C.; Rotmensz, N.; Aurilio, G.; ef al. Prognostic value of circulating tumor cells
according to immunohistochemically defined molecular subtypes in advanced breast cancer.
Clin. Breast Cancer 2012, 12, 340-346.

Ligthart, S.T.; Bidard, F.C.; Decraene, C.; Bachelot, T.; Delaloge, S.; Brain, E.; Campone, M.;
Viens, P.; Pierga, J.Y.; Terstappen, L.W. Unbiased quantitative assessment of Her-2 expression of
circulating tumor cells in patients with metastatic and non-metastatic breast cancer. Ann. Oncol.
2013, 24, 1231-1238.

De Albuquerque, A.; Kaul, S.; Breier, G.; Krabisch, P.; Fersis, N. Multimarker analysis of
circulating tumor cells in peripheral blood of metastatic breast cancer patients: A step forward in
personalized medicine. Breast Care 2012, 7, 7-12.

Fehm, T.; Becker, S.; Duerr-Stoerzer, S.; Sotlar, K.; Mueller, V.; Wallwiener, D.; Lane, N.;
Solomayer, E.; Uhr, J. Determination of HER2 status using both serum HER2 levels and circulating



Cancers 2014, 6 705

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

tumor cells in patients with recurrent breast cancer whose primary tumor was HER2 negative or
of unknown HER?2 status. Breast Cancer Res. 2007, 9, R74.

Flores, L.M.; Kindelberger, D.W.; Ligon, A.H.; Capelletti, M.; Fiorentino, M.; Loda, M.; Cibas, E.S.;
Janne, P.A.; Krop, LLE. Improving the yield of circulating tumour cells facilitates molecular
characterisation and recognition of discordant HER2 amplification in breast cancer. Br. J. Cancer
2010, 702, 1495-1502.

Somlo, G.; Lau, S.K.; Frankel, P.; Hsieh, H.B.; Liu, X.; Yang, L.; Krivacic, R.; Bruce, R.H.
Multiple biomarker expression on circulating tumor cells in comparison to tumor tissues from
primary and metastatic sites in patients with locally advanced/inflammatory, and stage IV breast
cancer, using a novel detection technology. Breast Cancer Res. Treat. 2011, 128, 155-163.
Pestrin, M.; Bessi, S.; Puglisi, F.; Minisini, A.M.; Masci, G.; Battelli, N.; Ravaioli, A.; Gianni, L.;
di Marsico, R.; Tondini, C.; et al. Final results of a multicenter phase II clinical trial evaluating
the activity of single-agent lapatinib in patients with HER2-negative metastatic breast cancer and
HER2-positive circulating tumor cells. A proof-of-concept study. Breast Cancer Res. Treat. 2012,
134,283-289.

Stebbing, J.; Payne, R.; Reise, J.; Frampton, A.E.; Avery, M.; Woodley, L.; di Leo, A;
Pestrin, M.; Krell, J.; Coombes, R.C. The efficacy of lapatinib in metastatic breast cancer with HER2
non-amplified primary tumors and EGFR positive circulating tumor cells: A proof-of-concept study.
PLoS One 2013, 8, €62543.

Liu, Z.; Fusi, A.; Schmittel, A.; Tinhofer, I.; Schneider, A.; Keilholz, U. Eradication of EGFR-positive
circulating tumor cells and objective tumor response with lapatinib and capecitabine. Cancer Biol.
Ther. 2010, 10, 860—864.

Melcher, C.; Janni, J.W.; Schneeweiss, A.; Fasching, P.A.; Hagenbeck, C.D.; Aktas, B.; Pantel, K.;
Solomayer, E.F.; Ortmann, U.; Jaeger, B.A.S.; et al. DETECT Ill—a multicenter, randomized,
phase III study to compare standard therapy alone versus standard therapy plus lapatinib in
patients with initially HER2-negative metastatic breast cancer but with HER2-positive circulating
tumor cells. Cancer Res. 2012, 72, doi: 10.1158/0008-5472.SABCS12-OT1-1-10.

Bidard, F.C.; Fehm, T.; Ignatiadis, M.; Smerage, J.B.; Alix-Panabieres, C.; Janni, W.; Messina, C.;
Paoletti, C.; Muller, V.; Hayes, D.F.; et al. Clinical application of circulating tumor cells in breast
cancer: Overview of the current interventional trials. Cancer Metastasis Rev. 2013, 32, 179-188.
Aktas, B.A.; Muller, V.; Tewes, M.; Zeitz, J.; Kasimir-Bauer, S.; Loehberg, C.R.; Rack, B.;
Schneeweiss, A.; Fehm, T. Comparison of estrogen and progesterone receptor status of circulating
tumor cells and the primary tumor in metastatic breast cancer patients. Gynecol. Oncol. 2011, 122,
356-360.

Courtney, K.D.; Corcoran, R.B.; Engelman, J.A. The PI3K pathway as drug target in human
cancer. J. Clin. Oncol. 2010, 28, 1075-1083.

Loi, S.; Haibe-Kains, B.; Majjaj, S.; Lallemand, F.; Durbecq, V.; Larsimont, D.; Gonzalez-Angulo,
AM.; Pusztai, L.; Symmans, W.F.; Bardelli, A.; et al. PIK3CA mutations associated with gene
signature of low mTORCI signaling and better outcomes in estrogen receptor-positive breast
cancer. Proc. Natl. Acad. Sci. USA 2010, 107, 10208-10213.



Cancers 2014, 6 706

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

&9.

Schneck, H.; Blassl, C.; Meier-Stiegen, F.; Neves, R.P.; Janni, W.; Fehm, T.; Neubauer, H.
Analysing the mutational status of PIK3CA in circulating tumor cells from metastatic breast
cancer patients. Mol. Oncol. 2013, 7, 976-986.

Pestrin, M.; Galardi, F.; Salvianti, F.; De Luca, F.; Bessi, S.; Cappacioli, G.; Gianni, A.; Di Leo, A.;
Pazzagli, M.; Pinzani, P. Molecular analysis of single circulating tumor cells (CTCs) isolated
from metastatic breast cancer (mBC) patients (pts). Avaiable online: http://oncologypro.esmo.org/
Meeting-Resources/IMPAKT-2013/Molecular-analysis-of-single-circulating-tumor-cells-CTCs-
isolated-from-metastatic-breast-cancer-mBC-patients-pts (accessed on 1 September 2013).

Jinno, H.; Matsuda, S.; Hayashida, T.; Takahashi, M.; Hirose, S.; lkeda, T.; Kitagawa, Y.
Differential pathological response to preoperative chemotherapy across breast cancer intrinsic
subtypes. Chemotherapy 2012, 58, 364-370.

Cheng, J.P.; Yan, Y.; Wang, X.Y.; Lu, Y.L.; Yuan, Y.H.; Jia, J.; Ren, J. MUCI-positive
circulating tumor cells and MUCI protein predict chemotherapeutic efficacy in the treatment of
metastatic breast cancer. Chin. J. Cancer 2011, 30, 54-61.

Desmedt, C.; Di Leo, A.; de Azambuja, E.; Larsimont, D.; Haibe-Kains, B.; Selleslags, J.;
Delaloge, S.; Duhem, C.; Kains, J.P.; Carly, B.; et al. Multifactorial approach to predicting
resistance to anthracyclines. J. Clin. Oncol. 2011, 29, 1578-1586.

Di Leo, A.; Desmedt, C.; Bartlett, J.M.; Piette, F.; Ejlertsen, B.; Pritchard, K.I.; Larsimont, D.;
Poole, C.; Isola, J.; Earl, H.; et al. HER2 and TOP2A as predictive markers for anthracycline-containing
chemotherapy regimens as adjuvant treatment of breast cancer: A meta-analysis of individual
patient data. Lancet Oncol. 2011, 12, 1134-1142.

Martin, M.; Romero, A.; Cheang, M.C.; Lopez Garcia-Asenjo, J.A.; Garcia-Saenz, J.A.; Oliva, B.;
Roman, J.M.; He, X.; Casado, A.; de la Torre, J.; et al. Genomic predictors of response to
doxorubicin versus docetaxel in primary breast cancer. Breast Cancer Res. Treat. 2011, 128, 127-136.
Bonnefoi, H.; Piccart, M.; Bogaerts, J.; Mauriac, L.; Fumoleau, P.; Brain, E.; Petit, T.; Rouanet, P.;
Jassem, J.; Blot, E.; et al. TP53 status for prediction of sensitivity to taxane versus non-taxane
neoadjuvant chemotherapy in breast cancer (EORTC 10994/BIG 1-00): A randomised phase 3 trial.
Lancet Oncol. 2011, 12, 527-539.

Fernandez-Cuesta, L.; Oakman, C.; Falagan-Lotsch, P.; Smoth, K.S.; Quinaux, E.; Buyse, M.;
Dolci, M.S.; Azambuja, E.D.; Hainaut, P.; Dell’orto, P.; ef al. Prognostic and predictive value of TP53
mutations in node-positive breast cancer patients treated with anthracycline- or anthracycline/taxane-
based adjuvant therapy: Results from the BIG 02-98 phase 111 trial. Breast Cancer Res. 2012, 14, R70.
Gazzaniga, P.; Naso, G.; Gradilone, A.; Cortesi, E.; Gandini, O.; Gianni, W.; Fabbri, M.A_;
Vincenzi, B.; di Silverio, F.; Frati, L.; et al. Chemosensitivity profile assay of circulating cancer
cells: Prognostic and predictive value in epithelial tumors. /nt. J. Cancer 2010, 126, 2437-2447.
Gorges, T.M.; Tinhofer, I.; Drosch, M.; Rose, L.; Zollner, T.M.; Krahn, T.; von Ahsen, O.
Circulating tumour cells escape from EpCAM-based detection due to epithelial-to-mesenchymal
transition. BMC Cancer 2012, 12, doi:10.1186/1471-2407-12-178.

Konigsberg, R.; Obermayr, E.; Bises, G.; Pfeiler, G.; Gneist, M.; Wrba, F.; de Santis, M.;
Zeillinger, R.; Hudec, M.; Dittrich, C. Detection of EpCAM positive and negative circulating
tumor cells in metastatic breast cancer patients. Acta Oncol. 2011, 50, 700-710.



Cancers 2014, 6 707

90.

91.

92.

93.

94.

Jeong, H.; Ryu, Y.J.; An, J.; Lee, Y.; Kim, A. Epithelial-mesenchymal transition in breast cancer
correlates with high histological grade and triple-negative phenotype. Histopathology 2012, 60,
E87-E95.

Karihtala, P.; Auvinen, P.; Kauppila, S.; Haapasaari, K.M.; Jukkola-Vuorinen, A.; Soini, Y.
Vimentin, zebl and Sipl are up-regulated in triple-negative and basal-like breast cancers: Association
with an aggressive tumour phenotype. Breast Cancer Res. Treat. 2013, 138, 81-90.

Yamashita, N.; Tokunaga, E.; Kitao, H.; Hisamatsu, Y.; Taketani, K.; Akiyoshi, S.; Okada, S.;
Aishima, S.; Morita, M.; Maehara, Y. Vimentin as a poor prognostic factor for triple-negative
breast cancer. J. Cancer Res. Clin. Oncol. 2013, 139, 739-746.

Bitting, R.L.; Boominathan, R.; Rao, C.; Kemeny, G.; Foulk, B.; Garcia-Blanco, M.A.; Connelly, M.;
Armstrong, A.J. Development of a method to isolate circulating tumor cells using mesenchymal-based
capture. Methods 2013, 64, 129-136.

Sieuwerts, A.M; Kraan, J.; Bolt, J.; van der Spoel, P.; Elstrodt, F.; Schutte, M.; Martens, J.W.;
Gratama, J.W.; Sleijfer, S.; Foekens, J.A. Anti-epithelial cell adhesion molecule antibodies and
the detection of circulating normal-like breast tumor cells. J. Natl. Cancer Inst. 2009, 101, 61-66.

© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



