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Abstract: Circulating tumor cells (CTCs), potential precursors of most epithelial solid tumors, are 
mainly enriched by epithelial cell adhesion molecule (EpCAM)-dependent technologies. Hence, 
these approaches may overlook mesenchymal CTCs, considered highly malignant. Our aim was to 
establish a workflow to enrich and isolate patient-matched EpCAMhigh and EpCAMlow/negative CTCs 
within the same blood samples, and to investigate the phosphatidylinositol 3-kinase catalytic 
subunit alpha (PIK3CA) mutational status within single CTCs. We sequentially processed 
metastatic breast cancer (MBC) blood samples via CellSearch® (EpCAM-based) and via Parsortix™ 
(size-based) systems. After enrichment, cells captured in Parsortix™ cassettes were stained in situ 
for nuclei, cytokeratins, EpCAM and CD45. Afterwards, sorted cells were isolated via 
CellCelector™ micromanipulator and their genomes were amplified. Lastly, PIK3CA mutational 
status was analyzed by combining an amplicon-based approach with Sanger sequencing. In 54% of 
patients′ blood samples both EpCAMhigh and EpCAMlow/negative cells were identified and successfully 
isolated. High genomic integrity was observed in 8% of amplified genomes of EpCAMlow/negative cells 
vs. 28% of EpCAMhigh cells suggesting an increased apoptosis in the first CTC-subpopulation. 
Furthermore, PIK3CA hotspot mutations were detected in both EpCAMhigh and EpCAMlow/negative 
CTCs. Our workflow is suitable for single CTC analysis, permitting—for the first time—assessment 
of the heterogeneity of PIK3CA mutational status within patient-matched EpCAMhigh and 
EpCAMlow/negative CTCs. 

Keywords: circulating tumor cell; epithelial cell adhesion moleculeow/negative; CellSearch; Parsortix; 
CellCelector; phosphatidylinositol 3-kinase catalytic subunit alpha 

 

1. Introduction 

Circulating tumor cells (CTCs) are epithelial cells identified in the peripheral bloodstream of 
patients suffering from cancer and are commonly considered to be responsible for metastases 
formation in the majority of epithelial solid tumors [1,2]. Since they may differ in genotype and 
phenotype from the primary tumor, their detection and molecular characterization are of great 
interest for diagnosis, prognosis and selection of proper medical treatments [3,4]. Despite many 
technologic improvements, investigating CTCs is still challenging, mainly due to their low numbers 
in the blood and the necessity of working at single-cell level to overcome intercellular heterogeneity. 
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Currently used CTC-enrichment technologies focus either on the cells’ biological or physical 
properties [5]. Among them, epithelial cell adhesion molecule (EpCAM)-dependent enrichment 
techniques are the most widely used with the automated CellSearch® being so far the only Food and 
Drug Administration (FDA) approved system [6]. 

It has previously been demonstrated that there are different subpopulations of CTCs ranging in 
a continuum of phenotypes from the epithelial-like to the mesenchymal-like cells as a result of a 
process termed epithelial to mesenchymal transition (EMT) [7–9]. EMT takes place during 
tumorigenesis, leading to a loss of a cell’s epithelial features in favor of gaining mesenchymal 
properties [10,11]. As a consequence, within the same patient, some CTCs may express lower or no 
levels of EpCAM proteins making them ‘invisible’ for EpCAM-based capturing and detection 
methods [12,13]. Moreover, it was observed that these tumor cells, which have already initiated 
EMT, are correlated to worse prognosis—independently on their EpCAM expression—and therefore 
they might provide additional information about the evolution of the disease [8,9,14–18]. 

Thus, robust EpCAM-independent detection and isolation approaches are needed to enrich for 
such CTC subpopulations. Many research groups focused on CTC analysis to investigate their 
heterogeneity and to stratify metastatic breast cancer (MBC) patients in order to acquire a better 
cancer-related knowledge and to guide the choice of CTC-based therapeutic treatments. 

One of the most studied signaling proteins in breast cancer is the phosphatidylinositol 3-kinase 
(PI3K), which participates in many significant signaling networks involved in cell growth and 
survival, and which is frequently altered in many types of human cancer [16,17]. The 
phosphatidylinositol 3-kinase catalytic subunit alpha (PIK3CA) gene encodes for p110α—the 
catalytic subunit of PI3K—and is one of the most frequently mutated genes in invasive breast cancer 
(~26% of the cases), with most mutations clustered in either the helical domain (coded in exon 9) or 
in the catalytic domain (coded in exon 20), therefore named ‘hotspot’ regions [17]. These mutations 
were shown to activate PI3K and related pathways, conferring a remarkable selective growth gain to 
the cell along with in vitro and in vivo tumorigenicity [17–19]. 

However, the prognostic relevance of these mutations has not been clearly figured out, yet. 
Some recent studies reported improved clinical outcome in patients with luminal breast cancer 
harboring PIK3CA activating mutations [20,21]. In contrast, a correlation between the existence of 
PIK3CA mutations and drug resistance was observed, notably in anti-HER2-treatment regimen [22–
26]. Early studies on CTCs point towards the presence of PIK3CA hotspot mutations—along with 
the wild-type form of this gene—in MBC patients [27–31], regardless of the PIK3CA status in the 
primary tumor [29,30]. Additionally, Markou et al. [29] observed that patients carrying CTCs with 
mutated PIK3CA have a significant shorter overall survival than those without. 

All the abovementioned observations emphasize the necessity of acquiring additional 
molecular insights into both primary tumors and single CTCs to shed light on the clinical relevance 
of PIK3CA mutations, and to achieve personalized HER2-targeted therapies. 

To the best of our knowledge, the mutational analysis of the PIK3CA within EpCAMlow/negative 
CTCs has so far not been incorporated, and we believe that this information may actually contribute 
to understand the anti-HER2 treatment resistance in currently running clinical studies (e.g., DETECT 
III). Thus, the purpose of our study was to establish a workflow to enrich and isolate both EpCAMhigh 
and EpCAMlow/negative CTCs from the same MBC patient blood sample in order to assess the 
heterogeneity of the PIK3CA mutational status within the EpCAMlow/negative CTCs in comparison to the 
EpCAMhigh CTC-subpopulation. 

For the former, we have recently presented a powerful workflow to enrich for, detect and 
isolate EpCAMhigh CTCs by combining both the CellSearch® system and the CellCelector™ 
micromanipulator [32]. In parallel, we confirmed the presence of EpCAMlow/negative CTCs in blood 
discarded after CellSearch® enrichment, further processed with immunomagnetic microbeads 
targeting proteins expressed on the surface of EpCAMlow/negative CTCs [13]. 

However, since this antibody-based approach might still lose a consistent fraction of CTCs with 
epithelial-mesenchymal plasticity, in the project herein described, we expanded our workflow for 
CTC isolation and single cell molecular investigation by incorporating an additional label-free CTC 
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enrichment step by using the Parsortix™ system (Figure 1) on blood samples previously depleted 
for EpCAMhigh CTCs. Successively, we isolated patient-matched EpCAMhigh and EpCAMlow/negative 
CTCs and investigated the heterogeneity of their PIK3CA status in all the collected tumor cells via 
Sanger sequencing. 

 
Figure 1. Parsortix™-CellCelector™ workflow. Patients’ blood samples are depleted of EpCAMhigh 
CTCs using CellSearch® and enriched for EpCAMlow/negative cells with the Parsortix™ system. Captured 
cells are stained for nuclei, cytokeratins, epithelial cell adhesion molecule (EpCAM) and CD45 within 
the Parsortix™ cartridge and then harvested. Tumor cells are detected and isolated via 
CellCelector™ micromanipulator into PCR tubes for further molecular characterizations. Inspired by 
our previous work [32]. 

Our workflow was proved to be suitable for single CTC analysis and has enabled—for the first 
time—the characterization of the PIK3CA oncogene on patient-matched EpCAMhigh and 
EpCAMlow/negative CTCs. 

2. Results 

2.1. A Novel Workflow to Enrich and Isolate Patient-Matched EpCAMhigh and EpCAMlow/negative CTCs 

We focused on establishing a robust method that allows the enrichment, isolation and 
downstream processing of single EpCAMlow/negative CTCs along with the collection of patient-matched 
EpCAMhigh cells. Our workflow starts by processing 7.5 mL blood sample through the CellSearch® 
system. After depletion of EpCAMhigh CTCs, EpCAM-depleted blood is collected and further 
processed within the Parsortix™ system, representing our workflow′s novel component. Cells 
captured within this system are labeled with fluorochrome-conjugated antibodies in the Parsortix™ 
cassette, released and micromanipulated with the CellCelector™ system within 48 h. CTCs are 
identified based on the following features: intact nuclei (DAPI), expression of cytokeratins, 
CD45-negativity, and a diameter of 5–40 µm. In addition, EpCAMlow/negative CTCs are verified by low 
or no expression of EpCAM. Successfully isolated cells are deposited in PCR tubes and processed for 
WGA prior to sequencing analysis. 

2.2. Validation of Immunostaining on Cytospins 

Prior to the establishment of the workflow, the immunostaining mastermix necessary to 
identify CTCs was validated on cell lines. The cell line MCF-7 was utilized as positive control for 
staining of cytokeratins (anti-C11/AE1/AE3-TRITC) and EpCAM (anti-vu14D9-AF488) and as 
negative control for CD45 (anti 3Z5S-AF647). On the contrary, leukocytes were utilized as positive 
control for CD45 and as negative control for cytokeratins and EpCAM. Cells were effectively stained 
for the expected markers (Figure S1). 
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2.3. Validation of Tumor Cell Enrichment via Parsortix™ System 

First, capturing and harvesting rates within the Parsortix™ system were determined in 3 
independent experiments using MCF-7 breast cancer cell line, whose diameter—measured via 
microscopy—was on average 18 ± 1.7 µm. In each Test 100 pre-labeled cells were spiked into healthy 
donor blood previously processed within the CellSearch® system. In order to determine capturing 
rates, cells in the cassette were scanned with the fluorescence microscope integrated in the 
CellCelector™. Captured cells were then harvested from the cassettes into tubes with 200 µL PBS. 
Cell suspensions were placed on glass slides and scanned under the fluorescent microscope in order 
to quantify harvested tumor cells. These were identified as described above. The average capturing 
rate for MCF-7 cells within disposable cassettes of 6.5 µm narrow passages was of 63 ± 17.8% and out 
of it, 72 ± 29.6% of cells could be harvested. 

2.4. Establishment of in Situ Staining of Captured Tumour Cells 

In order to optimize the workflow for clinical routine application, we subsequently established 
the semi-automated in situ staining of captured tumor cells. The in situ labeling approach was 
chosen over the staining in suspension in order to reduce the great cell loss due to pipetting 
procedures and/or centrifugation steps otherwise needed. Unlabeled CellSave®-fixed MCF7 cells 
were spiked into healthy donor blood samples after processing within the CellSearch® system. Cells 
captured inside the Parsortix™ cassette were permeabilized in situ and then incubated with the 
antibodies/DAPI mastermix. Harvested cells were scanned under the fluorescent microscope for an 
intact nucleus, for cytokeratins expression as well as for EpCAM expression. A successful staining of 
all the selected markers could be observed (Figure 2). 

 
Figure 2. MCF-7 cells and a leukocyte labeled inside the Parsortix™ cassette. (A) MCF-7 cells were 
spiked into healthy donor blood samples and processed within the Parsortix™ system. After 
capturing within the cassette, tumour cells were permeabilized and stained in situ, and harvested 
from the system. In fluorescence microscopy MCF-7 cells exhibit signals for nucleic DNA (DAPI), 
cytokeratins (TRITC) and epithelial cell adhesion molecule (EpCAM-FITC); they are negative for 
CD45 expression (Cy5); (B) A leukocyte captured within the Parsortix™ system and stained in situ 
with the same DAPI/antibodies mastermix, shows positive staining of the nucleus (DAPI) and of 
CD45 (Cy5). There is no expression of cytokeratins (TRITC) and EpCAM (FITC). Magnification: 40×. 

2.5. Processing of MBC Clinical Samples: Enrichment, Detection and Isolation of EpCAMhigh and 
EpCAMlow/negative Cells 

From 07/2015 to 11/2016, 52 blood samples of 47 MBC patients were sequentially processed with 
our workflow. Patients´ characteristics for primary tumors and CTC fractions are reported in Table 
S1. 

In 54% (n = 28) of blood samples, we observed both EpCAMhigh and EpCAMlow/negative cell 
subpopulations with no correlation in positivity rates (Figure 3). 
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Figure 3. Clinical samples containing both EpCAMhigh and EpCAMlow/negative cells. Both subpopulation 
of potential tumor cells were detected in 54% (28/52) of blood samples of patients enrolled in this 
project. No correlation in positivity rate between the two fractions of cells was observed. 

Suitable cells for downstream analysis were selected based on their morphologic appearance 
and signal intensities, according to Polzer et al. [31]. We successfully isolated 107 EpCAMhigh and 145 
EpCAMlow/negative cells from 13 patients. In Figure 4, representative images of isolated EpCAMhigh and 
EpCAMlow/negative cells are depicted. 
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Figure 4. Isolated EpCAMlow/negative cells and EpCAMhigh cells. (A) Prior isolation of (epithelial cell 
adhesion molecule ) EpCAMlow/negative cells, selected events were manually scanned at a magnification 
of 40× in the following channels: DAPI for nucleic DNA, TRITC for cytokeratins, FITC for EpCAM, 
Cy5 for CD45. EpCAMlow/negative cells show positive staining of nucleic DNA and cytokeratins, very 
weak or no staining of EpCAM, and no staining of CD45. (B) EpCAMhigh cells enriched in CellSearch® 
cartridges were automatically scanned in the abovementioned fluorescent channels, at a 
magnification of 20×. They exhibit positive staining of nucleic DNA and cytokeratins, and no signals 
for CD45. After scanning, single cell isolation was performed in DAPI to assure the absence of 
contaminations. 

2.6. Whole Genome Amplification of Single Isolated Cells 

We tested whether enrichment and isolation conditions of our workflow were compatible with 
whole genome amplification in order to enable further genome analysis. We omitted the analysis of 
isolated cell line cells since these—in comparison to CTCs—are very robust feigning good 
conditions. 

In order to characterize isolated EpCAMhigh and EpCAMlow/negative cells, these were lysed and 
WGA was performed. Quality control PCRs for the WGA products indicated that approximately 
28% of WGA libraries from EpCAMhigh cells show high genomic integrity compared to 8% of 
EpCAMlow/negative cells (Table 1). 
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Table 1. WGA products of patients matched EpCAMhigh and EpCAMlow/negative cells. A cohort of 145 
EpCAMlow/negative and 107 EpCAMhigh circulating tumor cells (CTCs) was processed for whole genome 
amplification (WGA). EpCAMlow/negative CTCs show a lower genomic integrity than EpCAMhigh CTCs 
(8% vs. 28%). #: number of patients involved in the WGA of CTCs. 

# Patient ID 
EpCAMhigh CTCs EpCAMlow/negative CTCs 

Sorted 
CTCs 

High Integrity 
WGA Products 

Low Integrity 
WGA Products 

Sorted 
CTCs 

High Integrity  
WGA Products 

Low INTEGRITY 
WGA Products 

1 I 5 0 5 19 0 19 
2 V 1 0 1 2 0 2 
3 VI 11 5 6 24 3 21 
4 VIII 8 0 8 12 0 12 
5 IX 26 11 15 16 2 14 
6 X 13 4 9 5 0 5 
7 XI 7 3 4 6 0 6 
8 XVI 9 1 8 27 1 26 
9 XXIV (2) 6 1 5 4 0 4 
10 XXXV 8 2 6 18 3 15 
11 XLI 2 1 1 5 1 4 
12 XLVI 7 2 5 4 0 4 
13 XLVII 4 0 4 3 1 2 
  107 30 77 145 11 134 
  28% 72% 8% 92% 

2.7. Mutational Analysis of PIK3CA Exons 9 and 20 in both CTC-Subpopulations 

Afterwards, we investigated the status of the PIK3CA exons 9 and 20 in patient-matched 
EpCAMhigh and EpCAMlow/negative CTCs. WGA products were specifically amplified for PIK3CA 
sequences mainly flanking hotspots E542, E545, H1047, located in exons 9 and 20. Resulting 
amplicons of 38 EpCAMhigh and of 39 EpCAMlow/negative cells from 10 patients could be successfully 
sequenced for above reported hotspot mutations, known to cause constitutive activity of PIK3CA 
protein, involved in tumorigenesis [21,22]. 

Individual sequencing profiles of both EpCAMlow/negative and EpCAMhigh CTCs were compared to 
sequencing profiles of single MCF-7—known to harbor mutations in exon 9 (amino acid change at 
position E542 and E545)—and of single T47D cells harboring mutations in exon 20 (amino acid 
change at position 1047) [33,34]. 

In six patients out of ten, both fractions of CTCs were classified as wild-type (WT) for the 
investigated PIK3CA hotspots (Table 2). 

Table 2. Mutational status of PIK3CA exon 9 and exon 20 within patient-matched EpCAMhigh 
EpCAMlow/negative cells. Circulating tumor cells (CTCs) characterized by the heterogeneity of 
phosphatidylinositol 3-kinase catalytic subunit alpha (PIK3CA) exons 9 and 20 could be detected in 
4/10 patients. In the remaining patients, CTCs were classified as PIK3CA-wildtype (WT). #: number 
of patients involved in the WGA of CTCs. 

EpCAMhigh CTCs

# Patient ID 
PIK3CA Exon 9 Mutational Analysis PIK3CA Exon 20 Mutational Analysis 

Sequenced  
CTCs 

Mutational Status 
Sequenced 

CTCs 
Mutational Status 

1 I 2 WT 1 WT 
2 VI 5 WT 2 WT 
3 IX 13 WT 11 2: p.H1047L (c.CAT > CTT); 9: WT 
4 X 7 WT 5 2: p.H1047R (c.CAT > CGT); 3: WT 
5 XI 1 WT 3 WT 
6 XVI 3 WT 3 WT 
7 XXXV 1 WT 3 WT 
8 XXXVI 1 WT 1 WT 
9 XLVII 3 WT 3 WT 
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10 XLVII 2 WT 2 1: p.H1047L (c.CAT > CTT); 1: WT 
  38 34 

EpCAMlow/negative CTCs

# Patient ID 
PIK3CA Exon 9 Mutational Analysis PIK3CA Exon 20 Mutational Analysis 

Sequenced  
CTCs 

Mutational Status 
Sequenced 

CTCs 
Mutational Status 

1 I 10 1: p.E545K (c.CAG > AAG); 9: WT 7 WT 
2 VI 7 WT 7 WT 
3 IX 5 1: p.E545K (c.CAG > AAG); 4: WT 3 WT 
4 X 2 WT 1 WT 
5 XI 1 WT 1 WT 
6 XVI 0 n.d. 2 WT 
7 XXXV 8 WT 8 WT 
8 XXXVI 3 WT 3 WT 
9 XLVII 1 WT 1 WT 
10 XLVII 2 WT 2 WT 

39 35 

In four patients (I, IX, X, XLVII) CTCs harboring PIK3CA hotspot mutations could be observed 
(Figure 5) as well as tumor cells carrying the WT form of the gene. 

 

Figure 5. PIK3CA Exons 9 and 20 sequencing profiles. Single circulating tumor cells (CTCs) collected 
from four different patients and sequenced for PIK3CA exon 9 and exon 20 show 
Phosphatidylinositol 3-kinase catalytic subunit alpha (PIK3CA) hotspot mutations. Two 
EpCAMlow/negative CTCs from 2 different patients exhibit the mutation 9/E545K (**) when compared to 
the sequencing profile of a single MCF-7 cell (**). Two EpCAMhigh CTCs from different patients show 
the mutations 20/H1047R and the 20/H1047L (**) when compared to the sequencing profile of a 
single T47D cell (**). CTCs recorded as PIK3CA wild-type show no mutations (*). **: base exchange; 
* wild-type base. 
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Patient I carried PIK3CA hotspot mutations in the EpCAMlow/negative CTC group only. The 
mutation E545K (codon 545 of the exon 9, glutamine to lysine) could be observed in one out of ten 
analyzed CTCs. The remaining 9 EpCAMlow/negative and 2 patient-matched EpCAMhigh CTCs carried the 
WT form of the gene. 

Patients X and XLVII exhibited the mutated PIK3CA in EpCAMhigh CTCs only. In patient X the 
mutation H1047R (codon 1047 of the exon 20, histidine to arginine) could be detected in two out of 5 
processed CTCs. The 3 remaining EpCAMhigh CTCs and 1 patient-matched EpCAMlow/negative CTC were 
classified as PIK3CA WT. In patient XLVII the rare mutation H1047L (codon 1047 of exon 20, 
histidine to leucine) could be detected in one out of 2 processed CTCs. The remaining EpCAMhigh 
CTC and 2 patient-matched EpCAMlow/negative CTCs were classified as PIK3CA WT. 

A very heterogeneous situation was observed in patient IX who carried both mutated and the 
WT PIK3CA in both subpopulations of CTCs. Moreover, different hotspot mutations were observed 
within the two different fractions of CTCs. In one out of five EpCAMlow/negative CTCs, the mutation 
E545K was detected. Four residual EpCAMlow/negative CTCs were PIK3CA WT. In two out of eleven 
EpCAMhigh CTCs the mutation H1047L (codon 1047 of exon 20, glutamine to leucine) could be 
observed and the remaining 9 EpCAMhigh CTCs were classified as PIK3CA WT. 

No other base exchanges could be detected within the whole sequencing profiles of both 
PIK3CA exons 9 and 20. 

3. Discussion 

The clinical relevance of EpCAMpositive CTCs was proved by several investigations [35–37]. 
However, whether transient and mesenchymal CTCs play a key role in the outcome of the patients is 
still an open question. Many studies reported the presence of EpCAMnegative CTCs in the blood of 
patients suffering from different types of cancer. In some of these investigations the potential clinical 
relevance of these tumor cells was examined [3,12,14–17,38,39], often highlighting the metastatic 
potential of EpCAMnegative CTCs [3,38,39]. In general, in all of the abovementioned studies the authors 
agree that this subpopulation of CTCs should be further analyzed to acquire further knowledge 
regarding their metastatic potential. 

However, both enrichment and isolation steps for CTCs are still the bottleneck in the field of 
CTC analysis. Not many commercially available enrichment techniques can guarantee high cell 
recovery rates—regardless of protein expression—and low white blood cell contamination. 
Moreover, there are few technologies available to isolate single cells and most of them are time 
consuming, require high sample volumes, and face loss of cells. 

We previously reported the existence of an EpCAMlow/negative subset of CTCs in MBC patients′ 
samples further processed after CellSearch® system [13]. Besides, we have recently described a 
powerful workflow to enrich EpCAMhigh CTCs and to micromanipulate them as single cells by 
combining the CellSearch® system and the CellCelector™ micromanipulator [32]. Finally, in the 
herein described project we optimized our methods incorporating the Parsortix™ system in order to 
enrich, detect and isolate EpCAMlow/negative tumor cells along with patient-matched EpCAMhigh CTCs. 

The Parsortix™ system enables size-dependent enrichment of cells independently on the 
expression of cell surface proteins, unlike antibody dependent technologies (e.g., reported by 
Schneck et al. [13]). First and foremost, effective capturing and harvesting rates of the system was 
assessed by using cassettes with narrow passages of 6.5 µm. We observed an average of 63 ± 17.8% of 
captured pre-labeled MCF-7 cells and from them 72 ± 29.6% could be successfully harvested. Our 
data indicate slightly higher cell recovery rates than those reported by Xu et al. [40] who utilized 
cassettes with 10 µm narrow passages. In addition, our recovery rates are in concordance with 
results published by Hvichia et al. [41] who reported a range of capturing rates of 42–70% and a 
range of harvesting rates of 54–69% for cancer cell lines of different tumor entities (PANC1, A375, 
PC3, A549, T24) by utilizing 10 µm cassettes. Hence, all the data point out how recovery rates 
depend on both size and deformability of tumor cells, as previously already hypothesized [41]. 
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The high capturing and harvesting rates of the Parsortix™ system are the basis for the effective 
CTC analysis since Neumann et al. [32] already demonstrated that single cell micromanipulation can 
be performed with 97% efficacy. Therefore, optimizing the in situ labeling of cells in Parsortix™ 
cassettes is of high importance in order to minimize cell loss, which was observed during in 
suspension staining procedures [40,41]. 

By applying the established novel workflow, we were able to successfully enrich, detect and 
isolate single EpCAMlow/negative and patient-matched EpCAMhigh cells. In 54% of blood samples positive 
for EpCAMhigh CTCs also EpCAMlow/negative cells could be detected without any correlation in numbers. 
The resulting combined CTC positivity rate is higher than that reported by de Wit et al. [12], who 
found both EpCAMhigh and EpCAMlow/negative cells in 19% (5/27) of metastatic lung cancer samples. This 
may be explained either by the application of different CTC enrichment methods or by different 
abundance of EpCAMlow CTCs within the different tumor entities investigated. However, in 
agreement to our results, de Wit et al. [12] reported a lack of correlation between numbers of both 
EpCAMhigh and EpCAMlow/negative cell fractions. Of great interest for our future studies is whether 
EpCAMlow/negative cells may provide prognostic and predictive information for early or MBC patients 
with no EpCAMhigh CTC in the CellSearch® analysis. 

Moreover, we proved the feasibility of our workflow for single cell downstream analysis. WGA 
products were of high genomic integrity in 28% of EpCAMhigh CTCs, accordingly with data 
published by Polzer et al. [31]. In contrast, the unexpected finding of 8% WGA products of high 
genomic integrity among EpCAMlow/negative cells may point towards early apoptosis mechanisms 
activated in this CTC subpopulation. In future experiments, we aim to complement our staining 
protocol with indicators for apoptosis, a phenomenon that has was already observed in CTCs and 
related to patients′ outcomes in several studies [42–46]. 

In the scenario of future personalized medicine, the characterization of single CTCs besides 
their enumeration may also play a key role, identifying potential biomarkers (e.g., PIK3CA) to 
predict resistance to therapies. The status of the PIK3CA gene in MBC primary tumors as well as in 
CTCs is increasingly attracting attention since in patients it was often observed an increased 
resistance to anti-HER2 therapies caused by PI3K activating mutations [47,48]. In some reports, 
hotspot mutations in EpCAMpositive CTCs were already described [30,31,49–51] and a first correlation 
of the PIK3CA status with the overall survival and prognosis free survival was analyzed [49]. 

The ability to collect and isolate different subpopulation of CTCs and to perform a single cell 
analysis allowed us to asses—at our best knowledge for the first time—the heterogeneity of the 
PIK3CA status within single EpCAMlow/negative CTCs, along with patient-matched EpCAMhigh CTCs. 
We recorded the hotspot mutation E545K in EpCAMlow/negative CTCs from 2 patients (patients I and IX) 
and the mutation H1047R in EpCAMhigh CTCs from another patient (patient X). These are the two 
most frequently reported PIK3CA hotspot mutations in breast cancer tissues 
(www.mycancergenome.org) as well as in EpCAMpositive CTCs [30,31,49–51]. Interestingly, we could 
also detect the rare mutation H1047L in EpCAMhigh CTCs from two different patients (patient IX and 
XLVII), already described by Gasch et al. [51]. The identification of PIK3CA mutations in only 
EpCAMlow/negative CTCs in one patient (I) and in both EpCAMlow/negative and EpCAMhigh CTCs in another 
one (IX) is of high interest, suggesting that incorporating the analysis of the PI3K mutation status of 
EpCAMlow/negative cells might be of relevance for future CTC-based therapies targeting HER2-positive 
CTCs as envisioned in the DETECT III study. 

Since genomic analysis within single cells require prior amplification—in our workflow Ampli1 
WGA and PIK3CA specific PCRs—there is the chance that base exchanges may be introduced by 
polymerases. However, we excluded this possibility within our sequencing results, since only 
specific PIK3CA hotspot mutations could be detected within the whole sequencing profiles of both 
exons 9 and 20. 

In the future, we aim to implement our molecular analysis with the assessment of the copy 
number variation profiles of the EpCAMlow/negative fraction of CTCs, in order to further confirm their 
malignancy and to investigate their clonal relatedness to the EpCAMhigh CTCs. In addition we will 
perform longitudinal follow-up analysis of the frequency of EpCAMlow/negative CTCs and of the 
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PIK3CA mutational status to investigate their evolution during treatment regimen applied in the 
DETECT studies. 

4. Materials and Methods  

4.1. Cell Lines and Culture Conditions 

For spiking and sequencing experiments, breast cancer cell lines MCF-7 and T47D were 
purchased from the American Type Culture Collection (ATCC, Manassas, VA, USA; catalogue 
numbers: HTB-22™ and HTB-133™). Cells were cultured in RPMI 1640 containing 10% fetal calf 
serum and 1% Penicillin-Streptomycin (all Gibco, Karlsruhe, Germany). For MCF-7, culture medium 
was supplemented with 25 mM HEPES (Gibco). For T47D cells 10 mM HEPES, 1 mM sodium 
pyruvate (Gibco) and 0.45% D-(β) Glucose solution (Sigma-Aldrich, Munich, Germany) was added. 
All cells were grown at 37°C in a humidified atmosphere with 5% CO2. Both cell lines were 
authenticated via short tandem repeat (STRs) analysis. For spiking experiments, MCF-7 cells were 
fixed in CellSave® tubes for 24 h, at room temperature (RT). 

4.2. Patient Material 

Patient blood samples were collected within the German DETECT III/IV trials (III: 
NCT01619111, IV: NCT02035813; for more information: www.detect-studien.de) from patients with 
MBC. Written informed consent was obtained from all participating patients and the studies were 
approved by the Ethical Committee of the Eberhard-Karls University Tuebingen (responsible for 
DETECT III: 525/2011AMG1; approved on the 25 October 2012) and the local Ethical Committee of 
the Heinrich-Heine University Duesseldorf (DETECT III: MC-531; DETECT IV: MC-LKP-668; 
approved on the 17 December 2013). 

4.3. Enrichment and Enumeration of EpCAMhigh CTCs via CellSearch® 

The workflow starts by processing blood samples through the CellSearch® system (Menarini 
Silicon Biosystems, Bologna, Italy) in order to enrich and enumerate EpCAMhigh CTCs [27]. In order 
to reduce the possible presence of skin contaminating cells, first milliliters of drawn blood samples 
are discarded and only following 7.5 mL of blood are processed through the CellSearch®. 

After analysis, CTCs were stored in CellSearch® cartridges at 4 °C in the dark and were 
micromanipulated within one week [32]. 

4.4. Enrichment of EpCAMlow/negative Cells with Parsortix™ System 

Blood samples depleted of EpCAMhigh cells were processed within the Parsortix™ system to 
enrich potential EpCAMlow/negative CTCs which were not captured by the EpCAM-specific ferrofluid 
used during the CellSearch®-approach. 

Blood samples were pumped through a disposable cassette (Cell Separation Cassette 
GEN3D6.5, ANGLE plc) containing narrow passages of 6.5µm in height blocking flow-through of 
cells larger than most white blood cells—among them CTCs. By virtue of a priming protocol—which 
flushes each new cassette with ethanol 100% (v/v)—clean processing conditions could be 
guaranteed. 

Cells captured inside the cassette were stained in situ for nucleic acid (DAPI; Roche Diagnostics 
GmbH, Heilingenhaus, Germany), cytokeratins (clones C11/AE1/AE3 [12,13], TRITC conjugate; 
Aczon Srl, Monte San Pietro BO, Italy), EpCAM (clone VU1D9 [13], Alexa Fluor® 488 conjugated; 
Cell Signaling Technology Inc., Danvers, MA, USA) and CD45 (clone 35-ZS [13], Alexa Fluor® 647 
conjugated; Santa Cruz Biotechnology Inc., Dallas, TX, USA). The expression of the above reported 
markers (except for CD45), together with a range diameter of 4–30 µm are the only criteria available 
at the current state of the art, for the CTC-detection [52]. Further details about the validation of this 
immunostaining are provided as supplementary material. 
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Stained cells were harvested from the system into a PCR tube by inverting the flow direction of 
the buffer. In order to minimize a possible stickiness of captured and stained cells inside the cassette, 
PBS was supplemented with EDTA 2 mM. Samples were stored at 4 °C in the dark and 
micromanipulated within two days. 

The Parsortix™ system was automatically cleaned with a decontaminating solution between 
processing of different samples. 

4.5. Detection and Isolation of EpCAMhigh and EpCAMlow/negative Cells via CellCelector™ 

The CellCelector™ (ALS, Jena, Germany) is a semi-automated micromanipulator consisting of 
an inverted fluorescent microscope (CKX41, Olympus, Tokyo, Japan) with a CCD camera system 
(XM10-IR, Olympus, Tokyo, Japan) and a robotic arm with a vertical glass capillary of 30 µm in 
diameter [53]; ALS GmbH). EpCAMhigh CTCs collected in CellSearch® cartridges and EpCAMlow/negative 
cells harvested from the Parsortix™ cassette were transferred onto glass slides, placed on the 
automatic stage of the CellCelector™ microscope and were allowed to deposit. Then, samples 
released from the CellSearch® cartridges were automatically scanned in 20× as previously described 
[32]. Parsortix™ samples were manually scanned with 40× magnification using the following 
fluorescence channels: bright field (cell morphology), DAPI (morphology of nuclei and DNA 
integrity), TRITC (cytokeratins), FITC (EpCAM) and Cy5 (CD45). The following exposure times 
were used: 50 ms for DAPI, 300 ms (TRITC and FITC), and 500 ms (Cy5). For the analysis the 
CellCelector™ software 3.0 (ALS, Jena, Germany) was used. Images of single cells were stored for 
later documentation. 

4.5.1. Selection Criteria 

All cells were analyzed using the following scan parameters: diameter (signals ranging from 5–
40 µm) and grey value mean (fluorescence intensity of >2000 for cytokeratins signal). 
DAPIpos/Cytokeratinspos/EpCAMlow/neg/CD45neg events were identified and their morphologies were 
checked in bright field (BF). Only events with a round shape in BF, with specific fluorescence signals 
in the expected fluorescent channels only and without any sign of DNA fragmentation in 
DAPI—pointing towards apoptosis—were selected for further isolation. Prior to cell-isolation, 
images were checked by two operators experienced in CTC-detection via CellSearch® system. 

4.5.2. Cell Isolation Parameters 

Cell isolation was performed in DAPI as previously described [32]. Finally, PCR tubes 
containing single cells in 1 µL of buffer were stored at −80 °C until further processing. 

4.6. Whole Genome Amplification of Isolated CTCs 

Genomic DNA of isolated single cells was amplified using the Ampli1™ WGA-Kit (whole 
genome amplification) according to manufacturer’s protocol (Menarini Silicon Biosystems, Bologna, 
Italy). This procedure is based on a ligation-mediated PCR following a site-specific DNA restriction 
[54]. 1 µL of WGA products was analyzed for quality control utilizing the Ampli1™ QC-Kit 
(Menarini Silicon Biosystems, Bologna, Italy), which assays four genomic areas in a multiplex PCR. 
As positive control high quality genomic DNA from cell lines was used. QC-PCR products were 
loaded on a 2% agarose-TAE gel. The presence of 3 or 4 amplicons in the QC-PCR indicates a high 
genomic integrity of the WGA product. Less than 3 amplicons point towards a low genomic 
integrity [31]. 

4.7. Sanger Sequencing of the PIK3CA Exons 9 and 20 on CTCs 

All WGA-products were processed in 2 specific PCRs amplifying PIK3CA exons 9 and 20 in a 
volume of 25 µL containing 1 U DreamTaq DNA polymerase (Thermo Fisher Scientific Inc., 
Waltham, MA, USA) and 1 µL of WGA-product as template. Primers were designed—in analogy to 
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primers used in a previous study by Hurst and colleagues [55]—to produce amplicons covering 
hotspot codons mainly for E542, E545 (exon 9) and H1047 (exon 20; 0.2 µM each; Table 1). They were 
adapted to WGA restriction sites (MseI) and to exclude amplification of pseudogenes. PCR 
conditions were: 95 °C for 5 min, 35 cycles of 95 °C for 45 sec, 58 °C for 45 sec, 72 °C for 45 sec and 
finally 10 min at 72 °C. A 3% agarose-TAE gel electrophoresis was used to check for successful 
amplification. PCR products were purified using either the ExoSAP-IT® PCR Product Cleanup 
(Thermo Fisher Scientific Inc., Waltham, Massachusetts, USA) or the QIAEX II® Gel Extraction kit 
(Qiagen, Hilden, Germany) and DNA concentrations were measured with the NanoDrop™ 
Spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, USA). Sanger sequencing was 
performed by the Genomics & Transcriptomics Laboratory (GTL) of the Biological and Medical 
Research Center of Düsseldorf (BMFZ) using primers designed elongating PCR primers with 
sequencing binding sites (Table 3). 

Table 3. Primer sequences for PCR amplification of exons 9 and 20 of PIK3CA and for Sanger 
sequencing. 

PIK3CA  
Exon 

Primer  
Name 

Sequence (5′→3′) 
Primer  

Length (bp) 

9 
forward CATCCGATGTACCTGATTGAACTGCATGCAGACAAAGAACAGCTCAAAGCAA 52 
reverse CATTCCTTAGATAGCTCGGAAGTCCATTGCATTTTAGCACTTACCTGTGAC 52 

20 
forward CATCCGATGTACCTGATTGAACTGCATGCATTGATGACATTGCATACATTCG 52 
reverse CATTCCTTAGATAGCTCGGAAGTCCATTGCGTGGAAGATCCAATCCATTT 50 

Sequencing 
forward TCCGATGTACCTGATTGAAC 20 
reverse TTCCTTAGATAGCTCGGAAG 20 

5. Conclusions 

In this study, we describe a robust workflow to enrich, detect and isolate patient-matched 
EpCAMhigh and EpCAMlow/negative CTCs from the same clinical blood sample by combining the 
CellSearch® system, the Parsortix™ system and the CellCelector™ micromanipulator. Furthermore, 
we show our workflow′s feasibility for molecular analysis and report low DNA integrity and 
PIK3CA mutational heterogeneity within EpCAMlow/negative CTCs compared to patient-matched 
EpCAMhigh CTCs. Although our molecular data are based on a small cohort of patients, they 
highlight that the assessment of the PIK3CA mutational status within EpCAMlow/negative CTCs along 
with the EpCAMhigh cells may provide further knowledge about resistance to HER2-targeted 
therapies and may help to choose optimal treatment strategies. In order to further support our 
findings, extended studies with larger cohorts of patients are planned. 

Supplementary Materials: Supplementary materials can be found at www.mdpi.com/1422-0067/18/9/1885/s1. 
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PIK3CA Phosphatidylinositol 3-Kinase Catalytic subunit Alpha 
WGA Whole Genome Amplification 
WT Wild-type 

References 

1. Yu, M.; Stott, S.; Toner, M.; Maheswaran, S.; Haber, D.A. Circulating tumor cells: Approaches to isolation 
and characterization. J. Cell Biol. 2011, 192, 373–382, doi:10.1083/jcb.201010021. 

2. Allard, W.J.; Matera, J.; Miller, M.C.; Repollet, M.; Connelly, M.C.; Rao, C.; Tibbe, A.G. J.; Uhr, J.W.; 
Terstappen, L.W. M.M. Tumor Cells Circulate in the Peripheral Blood of All Major Carcinomas but not in 
Healthy Subjects or Patients With Nonmalignant Diseases. Clin. Cancer Res. 2004, 10, 6897–6904, 
doi:10.1158/1078–0432.CCR-04–0378. 

3. 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, 
doi:10.1158/1078–0432.CCR-12–1587. 

4. Scher, H.I.; Jia, X.; de Bono, J.S.; Fleisher, M.; Pienta, K.J.; Raghavan, D.; Heller, G. Circulating Tumor Cell 
Number as a Prognostic Marker in Progressive Castration-Resistant Prostate Cancer: Use in Clinical 
Practice and Clinical Trials. Lancet Oncol. 2009, 10, 233–239, doi:10.1016/S1470–2045(08)70340-1. 

5. Alix-Panabières, C.; Pantel, K. Technologies for detection of circulating tumor cells: Facts and vision. Lab 
Chip 2013, 14, 57–62, doi:10.1039/C3LC50644D. 

6. Banys, M.; Müller, V.; Melcher, C.; Aktas, B.; Kasimir-Bauer, S.; Hagenbeck, C.; Hartkopf, A.; Fehm, T. 
Circulating tumor cells in breast cancer. Clin. Chim. Acta 2013, 423, 39–45, doi:10.1016/j.cca.2013.03.029. 

7. Poruk, K.E. Circulating Tumor Cell Phenotype Predicts Recurrence and Survival in Pancreatic 
Adenocarcinoma. Ann. Surg. 2016, 264, 1083–1081. 

8. 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, doi:10.1126/science.1228522. 

9. Gorges, T.M.; Tinhofer, I.; Drosch, M.; Röse, L.; Zollner, T.M.; Krahn, T. Circulating tumour cells escape 
from EpCAM-based detection due to epithelial-to-mesenchymal transition. BMC Cancer 2012, 12, 178, 
doi:10.1186/1471–2407–12–178. 

10. Bednarz-Knoll, N.; Alix-Panabières, C.; Pantel, K. Plasticity of disseminating cancer cells in patients with 
epithelial malignancies. Cancer Metastasis Rev. 2012, 31, 673–687, doi:10.1007/s10555-012-9370-z. 

11. Kalluri, R.; Weinberg, R.A. The basics of epithelial-mesenchymal transition. J. Clin. Investig. 2009, 119, 
1420–1428, doi:10.1172/JCI39104. 

12. De Wit, S.; Dalum, G. van; Lenferink, A.T. M.; Tibbe, A.G. J.; Hiltermann, T.J. N.; Groen, H.J. M.; van Rijn, 
C.J. M.; Terstappen, L.W. M.M. The detection of EpCAM+ and EpCAM– circulating tumor cells. Sci. Rep. 
2015, 5, doi:10.1038/srep12270. 

13. Schneck, H.; Gierke, B.; Uppenkamp, F.; Behrens, B.; Niederacher, D.; Stoecklein, N.H.; Templin, M.F.; 
Pawlak, M.; Fehm, T.; Neubauer, H. EpCAM-Independent Enrichment of Circulating Tumor Cells in 
Metastatic Breast Cancer. PLoS ONE 2015, doi:10.1371/journal.pone.0144535. 

14. Aktas, B. 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. 
doi:10.1186/bcr2333 

15. Mego, M. Prognostic Value of EMT-Circulating Tumor Cells in Metastatic Breast Cancer Patients 
Undergoing High-Dose Chemotherapy with Autologous Hematopoietic Stem Cell Transplantation. J. 
Cancer 2012, 3, 369–380. 

16. Yokobori, T. Plastin3 is a novel marker for circulating tumor cells undergoing the epithelial-mesenchymal 
transition and is associated with colorectal cancer prognosis. Cancer Res. 2013, 73, 2059–2069. 

17. Ueo, H. Circulating tumour cell-derived plastin3 is a novel marker for predicting long-term prognosis in 
patients with breast cancer. Br. J. Cancer 2015, 112, 1519–1526. 



Int. J. Mol. Sci. 2017, 18, 1885 15 of 17 

 

18. Lampignano, R.; Schneck, H.; Neumann, M.; Fehm, T.; Neubauer, H. Enrichment, Isolation and Molecular 
Characterization of EpCAM-Negative Circulating Tumor Cells. Adv. Exp. Med. Biol. 2017, 994, 181–203, 
doi:10.1007/978–3-319–55947–6_10. 

19. Wang, W.; Lv, J.; Wang, L.; Wang, X.; Ye, L. The impact of heterogeneity in phosphoinositide 3-kinase 
pathway in human cancer and possible therapeutic treatments. Semin. Cell Dev. Biol. 2016, 
doi:10.1016/j.semcdb.2016.08.024. 

20. Troxell, L.M. PIK3CA/AKT1 Mutations in Breast Carcinoma: A Comprehensive Review of Experimental 
and Clinical Studies. J. Clin. Exp. Pathol. 2012, doi:10.4172/2161–0681.S1–002. 

21. Bader, A.G.; Kang, S.; Vogt, P.K. Cancer-specific mutations in PIK3CA are oncogenic in vivo. Proc. Natl. 
Acad. Sci. USA 2006, 103, 1475–1479, doi:10.1073/pnas.0510857103. 

22. Zhao, J.J.; Liu, Z.; Wang, L.; Shin, E.; Loda, M.F.; Roberts, T.M. The oncogenic properties of mutant p110α 
and p110β phosphatidylinositol 3-kinases in human mammary epithelial cells. Proc. Natl. Acad. Sci. USA 
2005, 102, 18443–18448, doi:10.1073/pnas.0508988102. 

23. Gonzalez-Angulo, A.M.; Blumenschein, G.R. Defining biomarkers to predict sensitivity to 
PI3K/Akt/mTOR pathway inhibitors in breast cancer. Cancer Treat. Rev. 2013, 39, 313–320, 
doi:10.1016/j.ctrv.2012.11.002. 

24. Loi, S.; Michiels, S.; Baselga, J.; Bartlett, J.M. S.; Singhal, S.K.; Sabine, V.S.; Sims, A.H.; Sahmoud, T.; Dixon, 
J.M.; Piccart, M.J.; et al. PIK3CA Genotype and a PIK3CA Mutation-Related Gene Signature and Response 
to Everolimus and Letrozole in Estrogen Receptor Positive Breast Cancer. PLoS ONE 2013, 8, 
doi:10.1371/journal.pone.0053292. 

25. Cizkova, M.; Dujaric, M.-E.; Lehmann-Che, J.; Scott, V.; Tembo, O.; Asselain, B.; Pierga, J.-Y.; Marty, M.; de 
Cremoux, P.; Spyratos, F.; et al. Outcome impact of PIK3CA mutations in HER2-positive breast cancer 
patients treated with trastuzumab. Br. J. Cancer 2013, 108, 1807–1809, doi:10.1038/bjc.2013.164. 

26. Hanker, A.B.; Pfefferle, A.D.; Balko, J.M.; Kuba, M.G.; Young, C.D.; Sánchez, V.; Sutton, C.R.; Cheng, H.; 
Perou, C.M.; Zhao, J.J.; et al. Mutant PIK3CA accelerates HER2-driven transgenic mammary tumors and 
induces resistance to combinations of anti-HER2 therapies. Proc. Natl. Acad. Sci. USA 2013, 110, 14372–
14377, doi:10.1073/pnas.1303204110. 

27. Martini, M.; Ciraolo, E.; Gulluni, F.; Hirsch, E. Targeting PI3K in Cancer: Any Good News? Front. Oncol. 
2013, 3, doi:10.3389/fonc.2013.00108. 

28. Cizkova, M.; Susini, A.; Vacher, S.; Cizeron-Clairac, G.; Andrieu, C.; Driouch, K.; Fourme, E.; Lidereau, R.; 
Bièche, I. PIK3CA mutation impact on survival in breast cancer patients and in ERα, PR and ERBB2-based 
subgroups. Breast Cancer Res. 2012, 14, R28, doi:10.1186/bcr3113. 

29. Andersen, J.N.; Sathyanarayanan, S.; Bacco, A.D.; Chi, A.; Zhang, T.; Chen, A.H.; Dolinski, B.; Kraus, M.; 
Roberts, B.; Arthur, W.; et al. Pathway-Based Identification of Biomarkers for Targeted Therapeutics: 
Personalized Oncology with PI3K Pathway Inhibitors. Sci. Transl. Med. 2010, 2, 43ra55–43ra55, 
doi:10.1126/scitranslmed.3001065. 

30. 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, doi:10.1016/j.molonc.2013.07.007. 

31. Polzer, B.; Medoro, G.; Pasch, S.; Fontana, F.; Zorzino, L.; Pestka, A.; Andergassen, U.; Meier-Stiegen, F.; 
Czyz, Z.T.; Alberter, B.; et al. Molecular profiling of single circulating tumor cells with diagnostic 
intention. EMBO Mol. Med. 2014, 6, 1371–1386, doi:10.15252/emmm.201404033. 

32. Neumann, M.H. D.; Schneck, H.; Decker, Y.; Schömer, S.; Franken, A.; Endris, V.; Pfarr, N.; Weichert, W.; 
Niederacher, D.; Fehm, T.; et al. Isolation and characterization of circulating tumor cells using a novel 
workflow combining the CellSearch® system and the CellCelector™. Biotechnol. Prog. 2017, 33, 125–132, 
doi:10.1002/btpr.2294. 

33. Hollestelle, A.; Elstrodt, F.; Nagel, J.H. A.; Kallemeijn, W.W.; Schutte, M. Phosphatidylinositol-3-OH 
Kinase or RAS Pathway Mutations in Human Breast Cancer Cell Lines. Mol. Cancer Res. 2007, 5, 195–201, 
doi:10.1158/1541–7786.MCR-06–0263. 

34. Kataoka, Y.; Mukohara, T.; Shimada, H.; Saijo, N.; Hirai, M.; Minami, H. Association between 
gain-of-function mutations in PIK3CA and resistance to HER2-targeted agents in HER2-amplified breast 
cancer cell lines. Ann. Oncol. Off. J. Eur. Soc. Med. Oncol. ESMO 2010, 21, 255–262, 
doi:10.1093/annonc/mdp304. 



Int. J. Mol. Sci. 2017, 18, 1885 16 of 17 

 

35. Bidard, F.-C.; Peeters, D.J.; Fehm, T.; Nolé, F.; Gisbert-Criado, R.; Mavroudis, D.; Grisanti, S.; Generali, D.; 
Garcia-Saenz, J.A.; Stebbing, J.; et al. Clinical validity of circulating tumour cells in patients with metastatic 
breast cancer: A pooled analysis of individual patient data. Lancet Oncol. 2014, 15, 406–414, 
doi:10.1016/S1470–2045(14)70069–5. 

36. Banys-Paluchowski, M.; Krawczyk, N.; Meier-Stiegen, F.; Fehm, T. Circulating tumor cells in breast 
cancer—Current status and perspectives. Crit. Rev. Oncol. Hematol. 2016, 97, 22–29, 
doi:10.1016/j.critrevonc.2015.10.010. 

37. Cabel, L.; Proudhon, C.; Gortais, H.; Loirat, D.; Coussy, F.; Pierga, J.-Y.; Bidard, F.-C. Circulating tumor 
cells: Clinical validity and utility. Int. J. Clin. Oncol. 2017, 22, 421–430, doi:10.1007/s10147–017–1105–2. 

38. Lustberg, M.B.; Balasubramanian, P.; Miller, B.; Garcia-Villa, A.; Deighan, C.; Wu, Y.; Carothers, S.; Berger, 
M.; Ramaswamy, B.; Macrae, E.R.; et al. Heterogeneous atypical cell populations are present in blood of 
metastatic breast cancer patients. Breast Cancer Res. BCR 2014, 16, R23, doi:10.1186/bcr3622. 

39. Vishnoi, M.; Peddibhotla, S.; Yin, W.; T. Scamardo, A.; George, G.C.; Hong, D.S.; Marchetti, D. The 
isolation and characterization of CTC subsets related to breast cancer dormancy. Sci. Rep. 2015, 5, 17533, 
doi:10.1038/srep17533. 

40. Xu, L. Optimization and Evaluation of a Novel Size Based Circulating Tumor Cell Isolation System. PLoS 
ONE 2015, 10, e0138032. 

41. Hvichia, G.E.; Parveen, Z.; Wagner, C.; Janning, M.; Quidde, J.; Stein, A.; Müller, V.; Loges, S.; Neves, R.P.; 
Stoecklein, N.H.; et al. A novel microfluidic platform for size and deformability based separation and the 
subsequent molecular characterization of viable circulating tumor cells. Int. J. Cancer 2016, 138, 2894–2904, 
doi:10.1002/ijc.30007. 

42. Deutsch, T.M.; Riethdorf, S.; Nees, J.; Hartkopf, A.D.; Schönfisch, B.; Domschke, C.; Sprick, M.R.; Schütz, 
F.; Brucker, S.Y.; Stefanovic, S.; et al. Impact of apoptotic circulating tumor cells (aCTC) in metastatic 
breast cancer. Breast Cancer Res. Treat. 2016, 160, 277–290, doi:10.1007/s10549–016–3997–3. 

43. Jansson, S.; Bendahl, P.-O.; Larsson, A.-M.; Aaltonen, K.E.; Rydén, L. Prognostic impact of circulating 
tumor cell apoptosis and clusters in serial blood samples from patients with metastatic breast cancer in a 
prospective observational cohort. BMC Cancer 2016, 16, 433, doi:10.1186/s12885–016–2406-y. 

44. Spiliotaki, M.; Mavroudis, D.; Kapranou, K.; Markomanolaki, H.; Kallergi, G.; Koinis, F.; Kalbakis, K.; 
Georgoulias, V.; Agelaki, S. Evaluation of proliferation and apoptosis markers in circulating tumor cells of 
women with early breast cancer who are candidates for tumor dormancy. Breast Cancer Res. BCR 2014, 16, 
doi:10.1186/s13058–014–0485–8. 

45. Kallergi, G.; Konstantinidis, G.; Markomanolaki, H.; Papadaki, M.A.; Mavroudis, D.; Stournaras, C.; 
Georgoulias, V.; Agelaki, S. Apoptotic Circulating Tumor Cells in Early and Metastatic Breast Cancer 
Patients. Mol. Cancer Ther. 2013, 12, 1886–1895, doi:10.1158/1535-7163.MCT-12-1167. 

46. Rossi, E.; Basso, U.; Celadin, R.; Zilio, F.; Pucciarelli, S.; Aieta, M.; Barile, C.; Sava, T.; Bonciarelli, G.; 
Tumolo, S.; et al. M30 Neoepitope Expression in Epithelial Cancer: Quantification of Apoptosis in 
Circulating Tumor Cells by CellSearch Analysis. Clin. Cancer Res. 2010, 16, 5233–5243, 
doi:10.1158/1078-0432.CCR-10–1449. 

47. Dirican, E.; Akkiprik, M.; Özer, A. Mutation distributions and clinical correlations of PIK3CA gene 
mutations in breast cancer. Tumor Biol. 2016, 37, 7033–7045, doi:10.1007/s13277-016-4924-2. 

48. Mukohara, T. PI3K mutations in breast cancer: Prognostic and therapeutic implications. Breast Cancer 
Targets Ther. 2015, 7, 111–123, doi:10.2147/BCTT.S60696. 

49. Markou, A.; Farkona, S.; Schiza, C.; Efstathiou, T.; Kounelis, S.; Malamos, N.; Georgoulias, V.; Lianidou, E. 
PIK3CA Mutational Status in Circulating Tumor Cells Can Change During Disease Recurrence or 
Progression in Patients with Breast Cancer. Clin. Cancer Res. 2014, 20, 5823–5834, 
doi:10.1158/1078-0432.CCR-14–0149. 

50. Pestrin, M.; Salvianti, F.; Galardi, F.; De Luca, F.; Turner, N.; Malorni, L.; Pazzagli, M.; Di Leo, A.; Pinzani, 
P. Heterogeneity of PIK3CA mutational status at the single cell level in circulating tumor cells from 
metastatic breast cancer patients. Mol. Oncol. 2015, 9, 749–757, doi:10.1016/j.molonc.2014.12.001. 

51. Gasch, C.; Oldopp, T.; Mauermann, O.; Gorges, T.M.; Andreas, A.; Coith, C.; Müller, V.; Fehm, T.; Janni, 
W.; Pantel, K.; et al. Frequent detection of PIK3CA mutations in single circulating tumor cells of patients 
suffering from HER2-negative metastatic breast cancer. Mol. Oncol. 2016, 10, 1330–1343, 
doi:10.1016/j.molonc.2016.07.005. 



Int. J. Mol. Sci. 2017, 18, 1885 17 of 17 

 

52. Cristofanilli, M.; Budd, G.T.; Ellis, M.J.; Stopeck, A.; Matera, J.; Miller, M.C. Circulating tumor cells, disease 
progression, and survival in metastatic breast cancer. N. Engl. J. Med. 2004, 351, 
doi:10.1056/NEJMoa040766. 

53. Choi, J.H.; Ogunniyi, A.O.; Du, M.; Du, M.; Kretschmann, M.; Eberhardt, J.; Love, J.C. Development and 
optimization of a process for automated recovery of single cells identified by microengraving. Biotechnol. 
Prog. 2010, 26, 888–895, doi:10.1002/btpr.374. 

54. Klein, C.A.; Schmidt-Kittler, O.; Schardt, J.A.; Pantel, K.; Speicher, M.R.; Riethmüller, G. Comparative 
genomic hybridization, loss of heterozygosity, and DNA sequence analysis of single cells. Proc. Natl. Acad. 
Sci. USA 1999, 96, 4494–4499. 

55. Hurst, C.D.; Zuiverloon, T.C.; Hafner, C.; Zwarthoff, E.C.; Knowles, M.A. A SNaPshot assay for the rapid 
and simple detection of four common hotspot codon mutations in the PIK3CA gene. BMC Res. Notes 2009, 
2, 66, doi:10.1186/1756-0500-2-66. 

© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 
article distributed under the terms and conditions of the Creative Commons Attribution 
(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 


