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Abstract
Circulating tumor cells (CTCs) present an opportunity to detect/monitor metastasis throughout disease progression. The 
CellSearch® is currently the only FDA-approved technology for CTC detection in patients. The main limitation of this system 
is its reliance on epithelial markers for CTC isolation/enumeration, which reduces its ability to detect more aggressive mes-
enchymal CTCs that are generated during metastasis via epithelial-to-mesenchymal transition (EMT). This Technical Note 
describes and validates two EMT-independent CTC analysis protocols; one for human samples using Parsortix® and one for 
mouse samples using VyCap. Parsortix® identifies significantly more mesenchymal human CTCs compared to the clinical 
CellSearch® test, and VyCap identifies significantly more CTCs compared to our mouse CellSearch® protocol regardless 
of EMT status. Recovery and downstream molecular characterization of CTCs is highly feasible using both Parsortix® and 
VyCap. The described CTC protocols can be used by investigators to study CTC generation, EMT and metastasis in both 
pre-clinical models and clinical samples.
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Introduction

Cancer is the second leading cause of death in the United 
States; with over 600,000 Americans dying from this dis-
ease in 2020 [1]. It is estimated that up to 90% of cancer-
related deaths are due to metastasis, the spread of disease 
to other sites in the body [2]. This is because current thera-
pies are non-curative against these aggressive cancers. The 

process of metastasis has been shown to be associated with 
an epithelial-to-mesenchymal transition (EMT) [3]. Dur-
ing the EMT process, a polarized epithelial cell undergoes 
morphological and molecular changes that enable it to gain 
a mesenchymal phenotype [4]; characterized by a greater 
migratory capacity, increased invasiveness, and elevated 
resistance to apoptosis [5]. During metastasis and associ-
ated EMT, tumor cells can shed from the primary tumor and 
disseminate throughout the body as circulating tumor cells 
(CTCs) in the bloodstream [6]. The presence and molecular 
characteristics of CTCs in patients have been correlated with 
increased metastatic disease, reduced survival, and therapy 
response/resistance [7–10].

Although EMT has been shown to be associated with 
increased metastasis and CTC generation, many technolo-
gies used to detect CTCs rely on epithelial characteristics 
[11]. For example, CellSearch® (Menarini Silicon Biosys-
tems) is currently the only CTC assay approved by the U.S. 
Food and Drug Administration for clinical CTC analysis 
[7, 8, 12]. CellSearch® distinguishes CTCs from leuko-
cytes through immunomagnetic selection of cells with an 
 EpCAM+ (epithelial cell adhesion molecule) phenotype 
followed by differential fluorescent staining for cytokerat-
ins (CK) 8/18/19, CD45 (leukocyte marker), and DNA 
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(4′,6-diamidino-2-phenylindole [DAPI]). Despite being 
considered the “gold standard” clinical CTC platform [7, 
8, 12], previous studies have shown that in some diseases 
such as prostate cancer, CTCs are undetectable in ~ 30% of 
patients despite the presence of widespread metastatic dis-
ease [13]. While it is possible that CTCs are truly not present 
in one third of prostate cancer patients with metastasis, it 
is more likely that CTCs are present but not detected by 
the CellSearch® system. This may be because they do not 
meet the standard CTC definition  (EpCAM+/CK+/DAPI+/
CD45−) due to EMT and associated downregulation of epi-
thelial markers [14, 15].

Importantly, several studies have demonstrated that CTCs 
with a purely mesenchymal phenotype are undetectable by 
CellSearch®, but that the presence of mesenchymal marker 
expression on CTCs with a hybrid epithelial-mesenchymal 
phenotype is indicative of poor prognosis [15–19]. We have 
previously described the use of this epithelial-based system 
in capturing both human and mouse CTCs [20, 21] and dem-
onstrated that a CellSearch®-based assay failed to detect 
a significant number (~ 40–50%) of mesenchymal CTCs. 
Notably, the CellSearch®-based assay captured the major-
ity of CTCs shed during early-stage disease in vivo, and 
only after the establishment of metastases were a significant 
number of undetectable CTCs present [11]. Taken together, 
this suggests that current clinical assays may be limiting 
our ability to capitalize on the full potential of CTCs, and 
that additional technologies that do not rely on epithelial 
characteristics should be explored.

The Parsortix® system (Angle PLC) is a sized-based 
microfluidics platform that allows for recovery of rela-
tively pure populations of CTCs for downstream molecular 
analysis based on CTC size and deformability, and is thus 
independent of EMT status [22]. Whole blood is processed 
through a filtration cartridge etched with microchannels 
that are 6.5–10 μM wide [20]. Using microfluidics, CTCs 
(> 8 μM) are isolated within the cartridge and stained with 
immunofluorescent antibodies [20]. The VyCap system 
(VyCap B.V.) is a sized-based CTC isolation and enumer-
ation platform which uses a pump unit to process whole 
blood through a disposable filter cartridge [23, 24]. CTCs 
are captured on top of the microsieve which has 160,000 
pores; each 5 μM in diameter [23, 24]. The VyCap allows for 
recovery of CTCs based on CTC size rather than epithelial 
cell characteristics [24] and is thus similar to the Parsortix® 
in providing the potential for an EMT-independent approach 
to CTC capture and analysis.

The purpose of this Technical Note is to describe and 
validate two EMT-independent CTC isolation/enumeration 
protocols that we have developed for unbiased analysis of 
CTCs in human blood samples (using Parsortix®) and pre-
clinical mouse models of metastasis (using VyCap). We 
also provide a summary of advantages/disadvantages and 

technical considerations that metastasis researchers may find 
valuable for application of these methods to studies in the 
areas of CTCs, EMT, and cancer progression.

Materials and methods

Cell culture and labeling

Epithelial human MDA-MB-468 [25] breast cancer cells 
(American Type Culture Collection [ATCC], Manas-
sas, VA) were cultured in minimum essential medium 
(MEM)-α + 10% fetal bovine serum (FBS). Mesenchymal 
human PC-3 [26] prostate cancer cells (ATCC) were cul-
tured in F12-K media + 10% FBS. Cell lines were authen-
ticated via third-party testing (IDEXX, Columbia, MO). 
Media and reagents were obtained from Life Technologies 
(Carlsbad, CA), and FBS from Sigma (St. Louis, MO). 
For baseline recovery experiments, MDA-MB-468 cells 
were stained with the CellTrace™ carboxyfluorescein suc-
cinimidyl ester (CFSE) Cell Proliferation Kit (Invitrogen, 
Waltham, MA). Dimethyl sulfoxide (DMSO; 18 µL) was 
added to one CellTrace™ tube. Dissolved CellTrace™ was 
added directly to cells suspended in phosphate-buffered 
saline (PBS) at a concentration of 1:1000. Cells + Cell-
Trace™ were incubated for 20 min at 37 ºC, 5%  CO2. After 
incubation, an equal amount of cell culture media was added 
to the mixture to stop the staining reaction and cells were 
incubated for a further 5 min. Cells were centrifuged, super-
natant was discarded, and cells were resuspended in PBS for 
counting and spiking into whole blood as described below.

Blood collection and tumor cell spiking

For human subjects, 2 × 10 mL of whole blood was col-
lected in CellSave preservation tubes (Menarini Silicon 
Biosystems, Huntingdon Valley, PA). For mice, whole blood 
(150 µL) was drawn from male athymic nude mice (Harlan 
Sprague- Dawley, Indianapolis, IN) via cardiac puncture at 
endpoint as previously described [11]. Blood was collected 
into ethylenediaminetetraacetic acid (EDTA) microtubes 
(Becton Dickinson, Mississauga, ON) and separated into 
two aliquots of 50 µL to be analyzed by each CTC assay. For 
cell spiking and recovery experiments, unlabeled or prela-
beled PC-3 and MDA-MB-468 cells were grown to approxi-
mately 80% confluence and harvested using either 0.25% 
Trypsin/EDTA or 0.25% Trypsin (ThermoFisher Scientific, 
Waltham, MA) respectively. Cells were counted by hemocy-
tometer and serially diluted using PBS to concentrations of 
1000, 100, 10, or 5 cells/10 µL prior to spiking into matched 
whole blood samples (7.5 mL human; 50µL mouse).
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CTC analysis

CellSearch®

For human samples, 7.5 mL of whole blood was processed 
on the CellSearch® Autoprep system using the CellSearch® 
CTC kit (Menarini Silicon Biosystems), analyzed on the 
CellSearch® Analyzer, and assessed for the presence of 
CTCs as previously described [11]. For mouse samples, 
50 µL of whole blood was incubated with components of 
the CellSearch® CTC kit including anti-EpCAM ferrofluid 
(25 µL), Capture Enhancement Reagent (25 µL), Nucleic 
Acid Dye (50 µL), Staining Reagent (50 µL), Permeabiliza-
tion Reagent (100 µL), as well as anti-mouse CD45-APC 
(1.5 µL) (eBiosciences, San Diego, CA) as described previ-
ously [11]. Samples were manually immuno-magnetically 
separated and transferred to a CellSearch® MagNest™ 
cartridge for analysis using the CellSearch® Analyzer. In 
all cases, cells displaying the phenotype of  EpCAM+/CK+/
DAPI+/CD45− cells with a round/oval morphology were 
classified as CTCs.

Parsortix®

Whole human blood (7.5 mL) was processed on the EMT-
independent Parsortix® using 6.5 µM cartridges (Angle 
PLC, Surrey, UK). Cartridges were stained using a combina-
tion of 20 µL anti-human EpCAM-PE (Becton Dickinson), 
10 µL anti-human N-Cadherin-PE (eBiosciences), 20 µL 
anti-human CD45 AlexaFluor-488 (Becton Dickinson), and 
5 µL of DAPI (Life Technologies). Cells displaying the phe-
notype of  EpCAM+/DAPI+/CD45− or N-Cadherin+/DAPI+/
CD45− with a round intact morphology were considered 
CTCs. Identified CTCs were manually counted on the car-
tridge using an AX70 microscope (Olympus, Tokyo, JA).

VyCap

For the EMT-independent VyCap CTC assay, 3.5 µL of 
Transfix (Caltag MedSystems, Buckingham, EN) was added 
to each spiked 50 µL mouse blood sample and incubated at 
room temperature for 24–48 h. Samples were then incubated 
for 20 min each with a primary monoclonal anti-human 
HLA anti-FITC antibody (5 µL, Sigma, Darmstadt, DE), 
followed by a secondary oligoclonal anti-rabbit unconju-
gated anti-FITC antibody (5 µL, Thermofisher), tertiary goat 
anti-rabbit IgG secondary AlexaFluor-488 antibody (5 µL, 
Invitrogen), and monoclonal anti-mouse CD45-PE antibody 
(10 µL, Invitrogen) with 2× washing with PBS + 0.5% BSA 
(BioShop LifeScience Products, Burlington, ON) between 
each antibody step. Samples were then processed through 
the VyCap microsieve on the PU-250 pump unit (VyCap, 
Enschede, NL). Vectashield (5 µL) antifade mounting media 

with DAPI (Vector Laboratories, Burlingame, CA) was 
added to the top and bottom of each microsieve prior to 
being covered with custom cover glass slips (VyCap). Cells 
displaying the phenotype of  HLA+/DAPI+/CD45− cells 
with intact round morphology were considered to be CTCs. 
Identified CTCs were manually counted on the microseives 
using an AX70 microscope and an LUCPLFLN UPlanFLN 
20× Microscope Objective (Olympus).

In vivo metastasis studies

Prostate cancer cells were prepared in sterile Hank’s buffered 
saline (Life Technologies) and injected (1 × 106 cells/40 µL 
per mouse) orthotopically into 6–8 week old male athymic 
nude mice (Harlan Sprague–Dawley) via the right dorsolat-
eral lobe of the prostate as described previously [11]. Pros-
tate cancer tumor growth and progression to metastasis was 
allowed to develop for 9 weeks. At endpoint, blood (150 µL) 
was collected and analyzed for CTCs as described above. 
Tissues (primary tumors and distant organs) were harvested 
and formalin-fixed, paraffin-embedded, sectioned (4 μm) and 
stained with hematoxylin and eosin (H&E).

CTC characterization

CTC harvesting

After CTC enumeration on VyCap microseives, coverslips 
were removed and 50 µL of lysis/binding buffer from the 
Dynabeads® mRNA Purification Kit (Thermofisher) was 
added directly onto microsieves. CTCs were lysed via man-
ual pipetting up and down before transfer to 1.5 mL RNAse/
DNAse-free microtubes (Diamed, Mississauga, ON). This 
was repeated twice to ensure total lysis and capture of RNA 
from all CTCs on each microsieve. For the Parsortix®, cells 
were collected via the platform’s “harvest protocol” into 
1.5 mL RNAse/DNAse-free microtubes (Diamed). CTCs 
were centrifuged at 700×g for 10 min, supernatants were 
discarded without disturbing the pellet, and CTCs were 
lysed via manual pipetting using 50 μL lysis/binding buffer 
as described above. Harvested CTCs in lysis/binding buffer 
were stored at – 80 ºC prior to analysis as described below.

Quantitative real‑time PCR analysis

The RNA collected from harvested CTCs was eluted using 
the Dynabeads® mRNA Purification Kit protocol (Ther-
mofisher) and reverse transcribed using SuperScript™ IV 
VILO™ Master Mix (Invitrogen) on a T100 Thermal Cycler 
(BioRad). Samples were then subjected to quantitative real-
time polymerase chain reactions (qRT-PCR) using Advanced 
qPCR MasterMix (Wisent Bioproducts, St.Bruno, QC) on 
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a Stratagene Mx3000P qPCR system (Life Technologies) 
using primers described in Table 1.

Statistical analysis

Statistical analysis was performed using GraphPad Prism 
7 for MacOS Mojave (La Jolla, CA). Data is presented as 
mean ± standard error of the mean (SEM). Paired t-tests 
were used to analyze differences between matched samples. 
For all experiments, p ≤ 0.05 was considered statistically 
significant.

Results

The Parsortix® and CellSearch® platforms provide 
equivalent recovery of epithelial CTCs in human 
blood samples, but Parsortix® is superior 
for recovering mesenchymal CTCs

In order to detect innate differences in capture between the 
Parsortix® and CellSearch® CTC technologies for human 
samples, we first pre-stained epithelial MDA-MB-468 
human breast cancer cells and spiked either 5, 10, 100, or 
1000 cells into 7.5 mL of whole human blood. We then 
enriched for CTCs using the clinical CellSearch® human 
protocol (with the added GFP channel to identify pre-
stained cells), and Parsortix® (without the staining proto-
col) in matched samples. We observed that baseline recov-
ery for CTCs in human blood was not significantly different 
between the two systems (Fig. 1ab, Table 2). We next wanted 
to determine differences in CTC recovery in human blood 
when enumerating epithelial versus mesenchymal CTCs 
using the clinical epithelial-dependent CellSearch® stain-
ing protocol  (DAPI+/CK-PE+/CD45−), and our developed 
epithelial-independent Parsortix® staining protocol  (DAPI+/
EpCAM+ or N-Cadherin+/CD45−). We spiked 5, 10, 100, or 
1000 unstained human MDA-MB-468 breast cancer cells 
(epithelial phenotype) or human PC-3 prostate cancer cells 
(mesenchymal phenotype) into whole human blood and 
analyzed CTCs using the two technologies in matched sam-
ples. We observed that overall recovery of epithelial CTCs in 
human blood was not significantly different between the two 
systems (Fig. 1cd, Table 2), but when assessing cell recov-
ery based on serial numbers of expected cells, CellSearch® 

was able to enumerate significantly more epithelial CTCs 
in the cell group of 1000 expected cells compared to Par-
sortix® (p ≤ 0.05; Fig. 1d, Table 2). However, recovery of 
mesenchymal CTCs in human blood was significantly higher 
using Parsortix® (54.9 ± 4.7%) compared to CellSearch® 
(39.5 ± 3.5%) (p ≤ 0.05; Fig. 1ef, Table 2). Parsortix® was 
also able to enumerate significantly more CTCs in the 100 
and 1000 cell groups compared to CellSearch® (p ≤ 0.05; 
Fig. 1f, Table 2). Representative images of positive CTCs 
isolated using CellSearch® and Parsortix® are shown in 
Online Resource 1. Taken together, these results indicate 
that while Parsortix® and CellSearch® provide equivalent 
recovery of epithelial CTCs in human blood samples, Par-
sortix® is superior for recovery of mesenchymal CTCs.

The VyCap CTC platform provides enhanced 
recovery of epithelial and mesenchymal CTCs 
in mouse blood samples compared to CellSearch®

In order to compare CTC capture between the VyCap and 
CellSearch® technologies for mouse blood samples, we first 
pre-stained epithelial MDA-MB-468 human breast cancer 
cells and spiked either 5, 10, 100, or 1000 cells into 50 µL 
of whole mouse blood. We then enriched for CTCs using 
our previously developed CellSearch® mouse protocol (with 
the added GFP channel to identify pre-stained cells), and 
the VyCap (without the staining protocol) in matched sam-
ples. We observed that baseline recovery for CTCs in mouse 
blood was significantly higher with VyCap (71.9 ± 3.4%) 
compared to CellSearch® (33.9 ± 6.3%) (p ≤ 0.05; Fig. 2a). 
When assessing cell recovery based on serial numbers of 
expected CTCs, VyCap was able to enumerate significantly 
more CTCs in cell groups of 5, 100, and 1000 expected 
cells compared CellSearch® in matched samples (p ≤ 0.05); 
Fig. 2b, Table 3). We next wanted to determine differences 
in CTC recovery in mouse blood from the perspective of 
isolation based on an epithelial versus a mesenchymal 
cell phenotype. To investigate this, we compared the Cell-
Search® staining protocol  (DAPI+/CK−PE+/CD45−) versus 
an epithelial-independent VyCap staining protocol  (DAPI+/
HLA+ /CD45−) that we developed in-house. We spiked 5, 
10, 100, or 1000 unstained human MDA-MB-468 cells 
breast cancer cells (epithelial phenotype) or human PC-3 
prostate cancer cells (mesenchymal phenotype) into whole 
mouse blood and analyzed CTCs using the two technologies 

Table 1  Forward and reverse 
primers used for qRT-PCR 
analysis

Target gene Forward primer (5′→3′) Reverse primer (3′→5′)

E-Cadherin TGC TGA TGC CCC CAA TAC CCCA GTG ATT TCC TGG CCC ACG CCAA 
EpCAM CGA CTT TTG CCG CAG CTC AGGA GGG CCC CTT CAG GTT TTG CTCT 
N-Cadherin TGA CTC CAA CGG GGA CTG CACA AGC TCA AGG ACC CAG CAG TGGA 
Vimentin AAC CAA CGA CAA AGC CCG CGTC TTC CGG TTG GCA GCC TCA GAGA 
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in matched samples. We observed that recovery of epithelial 
MDA-MB-468 human CTCs in mouse blood was signifi-
cantly higher using VyCap (79.9 ± 6.2%) compared to Cell-
Search® (27.7 ± 10.2%) (p ≤ 0.05; Fig. 2c). When assessing 
cell recovery based on serial numbers of expected cells, 
VyCap was able to enumerate significantly more epithelial 

CTCs in cell groups of 10, 100, and 1000 expected cells 
compared to CellSearch® (p ≤ 0.05; Fig. 2d, Table 3). The 
difference between CTC platforms was even more marked 
when assessing the recovery of mesenchymal human CTCs 
in mouse blood, which was significantly higher using VyCap 
(65.3 ± 6.5%) compared to CellSearch® (14.3 ± 5.4%) 
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Fig. 1  The Parsortix® and CellSearch® CTC platforms provide 
equivalent recovery of epithelial CTCs in human blood samples, but 
Parsortix® is superior for recovery of mesenchymal CTCs. Epithe-
lial MDA-MB-468 human breast cancer cells or mesenchymal PC-3 
human prostate cancer cells were spiked into whole human blood 
(5, 10, 100, or 1000 cells per 7.5 ml/blood) and recovered using the 
human protocols for CellSearch® (epithelial-dependent) or Par-

sortix® (EMT-independent). a, b Pre-stained (CellTrace™) epithelial 
MDA-MB-468 human breast cancer cells spiked into human blood; c, 
d Epithelial MDA-MB-468 human breast cancer cells and e, f Mes-
enchymal PC-3 human prostate cancer cells spiked into human blood 
and stained using the human CellSearch® or Parsortix® protocols. 
Data are presented as mean ± SEM (n ≥ 3), *Significantly different 
than CellSearch® (p ≤ 0.05)
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(p ≤ 0.05; Fig. 2ef, Table 3). VyCap was able to enumer-
ate significantly more mesenchymal CTCs in cell groups of 
10, 100, and 1000 expected cells compared to CellSearch® 
(p ≤ 0.05; Fig. 2f, Table 3). Representative images of posi-
tive CTCs isolated using CellSearch® and VyCap in each 
technical condition are shown in Online Resource 2. Taken 
together, these results indicate that both baseline CTC recov-
ery and overall recovery of CTCs with either an epithelial 
or mesenchymal phenotype is enhanced through the use of 
the EMT-independent VyCap system versus the standard 
CellSearch® protocol.

The VyCap CTC platform provides enhanced 
recovery of mesenchymal CTCs from in vivo mouse 
models of prostate cancer metastasis

In order to assess the value of our developed mouse VyCap 
EMT-independent protocol compared to the mouse Cell-
Search® protocol in vivo, we orthotopically injected 12 mice 
with mesenchymal PC-3 human prostate cancer cells. After 
9 weeks of primary tumor growth and disease progression, 
mice were sacrificed, blood samples were collected, and CTCs 
were enumerated using our two protocols. We observed that 
the VyCap was able to recover CTCs in all 12 mice, whereas 
the CellSearch® was only able to capture CTCs in 10/12 mice 
with metastatic prostate cancer (Fig. 3a–c). The VyCap also 
provided significantly enhanced recovery of CTCs in mice 
with metastatic prostate cancer (13,094 ± 5719 CTCs/mouse) 
compared to CellSearch® (171 ± 117 CTCs/mouse) (p ≤ 0.05; 
Fig. 3a–c). Of these mice, we observed that 8/12 mice devel-
oped metastatic disease in one or more organs as determined 
by pathohistological analysis (Fig. 3d). In addition to detect-
ing CTCs in the 8 mice with detectable metastases, VyCap 
was also able to detect a significant number of CTCs in all 4 
mice in which metastases were histologically undetectable, 

although the numbers of CTCs observed were lower. In con-
trast, the CellSearch® was only able to detect CTCs in 2 of 
these mice. These results support our observations from the 
spiking studies and validate our newly developed EMT-inde-
pendent VyCap protocol for use in pre-clinical mouse studies 
of CTCs and metastasis.

CTCs can be harvested from the VyCap 
and Parsortix® for downstream molecular 
characterization

Finally, we wanted to assess the feasibility of harvesting 
CTCs from the two EMT-independent platforms and using 
them for downstream molecular characterization. Fol-
lowing CTC enumeration by either Parsortix® or VyCap, 
CTCs were harvested and RNA was isolated for qRT-PCR 
to assess expression of EMT markers in MDA-MB-468 (epi-
thelial) and PC-3 (mesenchymal) CTC samples. Overall, we 
observed that EMT gene expression could be detected in 
isolated epithelial or mesenchymal CTCs harvested both 
platforms, although the expression patterns were more con-
sistent with what was expected using the VyCap (Fig. 4ab; 
p ≤ 0.05). In particular, MDA-MB-468 CTCs harvested from 
Parsortix® did not show the expected epithelial gene expres-
sion pattern (p > 0.05). These results demonstrate the ability 
to isolate RNA and characterize gene expression from CTC 
samples via the VyCap or Parsortix® for further downstream 
characterization after CTC enumeration.

Discussion

Analysis of CTCs holds tremendous promise for track-
ing metastatic progression and treatment response in both 
human cancer patients and pre-clinical mouse models of 

Table 2  CTC recovery in spiked 
human blood samples using 
Parsortix® versus CellSearch®

*Significantly different between 2 CTC analysis platforms (p ≤ 0.05)

Cell type Number of 
cells spiked

Cells recovered 
(Parsortix®)

Cells recovered 
(CellSearch®)

P-value

Baseline (Pre-stained MDA-MB-468) 5 4.4 ± 0.1 3.3 ± 1.0 0.4226
10 5.1 ± 1.5 8.0 ± 2.1 0.1994
100 50.5 ± 7.8 70.4 ± 11.0 0.0989
1000 604.2 ± 25.4 768.6 ± 64.9 0.1213

Epithelial (MDA-MB-468) 5 2.8 ± 0.45 3.3 ± 1.5 0.6349
10 7.3 ± 2.4 5.8 ± 0.5 0.6968
100 44.5 ± 1.6 63.9 ± 10.8 0.2236
1000 547.7 ± 43.9 846.4 ± 83.6 0.0417*

Mesenchymal (PC-3) 5 2.9 ± 0.7 1.8 ± 0.4 0.2254
10 4.6 ± 0.9 4.2 ± 0.6 0.2254
100 61.7 ± 8.5 43.9 ± 8.0 0.0489*
1000 540.6 ± 23.0 362.0 ± 57.2 0.0473*
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metastasis. However, current clinical assays such as Cell-
Search® rely on epithelial cell characteristics for CTC detec-
tion and enumeration, and thus may be limiting our ability 
to capitalize on the full potential of CTCs. In the current 
study we developed and validated two EMT-independent 
CTC enumeration and harvest protocols, one for use with 
human patient samples using the Parsortix®  (EpCAM+ or 

N-Cadherin+ phenotype), and one for use with pre-clinical 
mouse samples using VyCap  (HLA+ phenotype), and com-
pared them to the clinical “gold standard” FDA-approved 
CellSearch®.

For analysis of human samples, we observed no signifi-
cant differences in CTC capture for epithelial CTCs between 
CellSearch® and Parsortix®. Thus, either system may be 
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Fig. 2  The VyCap CTC platform provides enhanced recovery of 
spiked-in epithelial and mesenchymal CTCs in mouse blood sam-
ples compared to the CellSearch®. Epithelial MDA-MB-468 human 
breast cancer cells or mesenchymal PC-3 human prostate cancer 
cells were spiked into whole mouse blood (5, 10, 100, or 1000 cells 
per 50  µl/blood) and recovered using the mouse protocols for Cell-
Search® (epithelial-dependent) or VyCap (EMT-independent). a, b 

Pre-stained (CellTrace™) epithelial MDA-MB-468 human breast 
cancer cells spiked into mouse blood; c, d Epithelial MDA-MB-468 
human breast cancer cells and e, f Mesenchymal PC-3 human pros-
tate cancer cells spiked into mouse blood and stained using the 
human CellSearch® or VyCap protocols. Data are presented as 
mean ± SEM (n ≥ 3), *Significantly different than CellSearch® 
(p ≤ 0.05)
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appropriate for enumeration of epithelial CTCs from human 
blood samples depending on the study design. For example, 
studies evaluating early-stage cancers, the initiating steps of 
metastasis, or epithelial marker expression on CTCs could 
be carried out using either CellSearch® and Parsortix®. 
However, in studies of more advanced and/or aggressive 
cancers where a greater proportion of mesenchymal CTCs 
or mixed epithelial/mesenchymal CTCs are expected, Par-
sortix® might be a more appropriate CTC platform based 
on our observations that significantly enhanced detection 
of mesenchymal CTCs is possible with Parsortix® versus 
CellSearch®. For CTC capture in pre-clinical mouse mod-
els, our results indicate that our developed VyCap protocol 
(EMT-independent) is superior to our previously developed 
mouse CellSearch® protocol (EpCAM-dependent) regard-
less of cell phenotype. This is likely due to both the epithe-
lial-dependent nature of the CellSearch® platform as well as 
the manual CTC enrichment step in the CellSearch® mouse 
protocol (including multiple wash steps) which may cause 
loss of CTCs during the isolation process [11].

Additionally, the ability to harvest CTCs from the differ-
ent platforms for downstream analysis is an important con-
sideration when choosing which technology is most appro-
priate, since CellSearch® does not allow the user to recover 
enumerated CTCs. Therefore, for investigators interested in 
tracking evolving molecular characteristics throughout dis-
ease progression or assessing expression of specific thera-
peutic targets, our results suggest that VyCap or Parsortix® 
may be more appropriate platforms to use compared to Cell-
Search®. Our results also indicate that the VyCap platform 
may be slightly more optimal for cell harvesting compared 
to the Parsortix®, potentially due the differences in isola-
tion procedure. With the VyCap, the RNA lysis buffer is 
added directly to the microsieve, with full exposure to all 
CTCs present and potentially improved recovery and RNA 

extraction. In contrast, with the Parsortix® system, tumor 
cells move through an increasingly smaller area until they 
become lodged within the stepwise system of the chip. It is 
possible that some larger CTCs may become stuck within 
the chip and are not dislodged by the backflow pressure in 
the harvest protocol and thus do not get harvested. This 
may result in an insufficient cell number for RNA extrac-
tion and accurate qRT-PCR analysis, especially with low 
numbers of CTCs. This may be of particular concern when 
using immortalized cell lines for CTC studies, which have 
been demonstrated to have a greater diameter in circula-
tion (~ 15–20 µm) than primary patient CTCs (~ 10–13 µm) 
[27]. Similarly, breast cancer CTCs are typically larger than 
prostate cancer CTCs [27] which may help explain why we 
did not obtain the expected epithelial EMT gene expression 
results from MDA-MB-468 breast cancer cells harvested 
from the Parsortix®. Thus, recovery of CTCs from the Par-
sortix® for downstream analysis may be further optimized 
by careful selection of the most appropriate sized cartridge 
(6.5, 8 or 10 µm) for the disease site and/or experimental 
question being investigated.

Each of the three CTC platforms described in this Techni-
cal Note have a number of advantages and disadvantages that 
researchers should consider when designing their CTC stud-
ies and choosing an appropriate analysis platform (Table 4). 
For example, the FDA-approved status and the significant 
body of clinical prognostic data available for CellSearch® 
supports its use in clinical studies, particularly those where 
mostly epithelial CTCs are expected. However, it may poten-
tially miss aggressive mesenchymal CTCs and it provides 
very limited capacity for recovery and downstream analysis 
of CTCs. The Parsortix® addresses many of these limita-
tions, and although it is not yet FDA-approved, its potential 
clinical validity is supported by a CE mark in Europe and 
a number of promising clinical studies [20]. For example, 

Table 3  CTC recovery in spiked 
mouse blood samples using 
VyCap versus CellSearch®

*Significantly different between 2 CTC analysis platforms (p ≤ 0.05)

Cell type Number of 
cells spiked

Cells recovered (VyCap) Cells recovered 
(CellSearch®)

P-value

Baseline (Pre-stained MDA-MB-468) 5 3.9 ± 0.3 1.4 ± 0.8 0.0182*
10 6.6 ± 1.1 4.3 ± 2.3 0.6971
100 68.6 ± 7.1 28.7 ± 7.6 0.0042*
1000 753.0 ± 73.1.6 360.5 ± 116.1 0.0151*

Epithelial (MDA-MB-468) 5 4.1 ± 1.0 3.0 ± 2.0 0.3828
10 9.8 ± 1.3 1.1 ± 0.6 0.0102*
100 73.2 ± 6.4 21.4 ± 4.5 0.0026*
1000 664.7 ± 41.8 187.6 ± 47.7 0.0003*

Mesenchymal (PC-3) 5 3.9 ± 0.8 1.0 ± 0.8 0.0572
10 6.0 ± 1.3 2.3 ± 1.6 0.0131*
100 66.7 ± 13.8 10.5 ± 3.8 0.0474*
1000 566.7 ± 130.1 31.0 ± 15.0 0.0422*
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in a recently completed clinical trial, Parsortix® was suc-
cessfully used to isolate and harvest CTCs from metastatic 
breast cancer patients for further downstream analysis in 
support of an upcoming FDA submission (ClinicalTrials.
gov; NCT03427450). Ongoing clinical studies are also 
using Parsortix® for the isolation of rare CTCs in ovar-
ian cancer (ClinicalTrials.gov; NCT02781272), to evalu-
ate multiple biomarkers in ovarian cancer (ClinicalTrials.
gov; NCT02785731), in an EMT-independent prostate 
cancer study (ClinicalTrials.gov; NCT04021394), and for 
evaluating heterogeneity and predicting clinical relapse in 
non-small cell lung carcinoma patients (ClinicalTrials.gov; 
NCT03771404). Pending FDA approval, the unique attrib-
utes of Parsortix® such as easy marker customization and 
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mesenchymal CTCs from in  vivo mouse models of prostate cancer 
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was isolated from captured CTC samples and assessed for expres-
sion of the EMT markers EpCAM, E-Cadherin, N-Cadherin, and 
Vimentin using qRT-PCR. Data are presented as mean ± SEM (n = 3), 
α = significantly different than N-Cadherin (p ≤ 0.05), β = significantly 
different than Vimentin (p ≤ 0.05)
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the ability to harvest CTCs for downstream analysis [28, 29] 
will position Parsortix® as an ideal CTC platform for use 
in clinical trials and clinical management. However, one of 
the main limitations of the Parsortix® is the time it takes 
to process a single sample; approximately seven hours to 
separate, stain, harvest, and clean the instrument in prepara-
tion for the next sample. The low-throughput nature of Par-
sortix® is challenging but manageable for clinical samples, 
which typically arrive in the lab one at a time. However, for 
pre-clinical studies, researchers often have multiple mice in 
each group with set endpoints or blood collection points. 
Using the VyCap [23, 30, 31], mouse blood samples can be 
pre-stained in batches in two hours using custom antibody 
panels, enriched in less than a minute per sample, and CTC 
RNA harvested in approximately five minutes off the dispos-
able microsieves. This allows the user to stain, separate, enu-
merate, and harvest up to twelve samples in one day. Due to 
the increased sample throughput of the VyCap compared to 
the Parsortix®, it is a better platform to assess CTCs in pre-
clinical mouse experiments where multiple samples need 
to be collected and analyzed together. With the ability to 
further enhance analysis capacity through the additional use 
of VyCap’s semi-automated microscopy system [32] and/or 
single CTC isolation puncher [33], this system provides a 
high degree of flexibility for CTC studies. However, similar 
to the Parsortix®, VyCap does not yet have FDA approval 
for clinical use and has not yet demonstrated clinical validity 
in terms of association with patient prognosis or response 
to treatment; and this is the major limitation of this system 
[34].

In summary, we believe that this Technical Note will be 
valuable for aiding researchers in decision-making regarding 
which CTC platform is best for their specific studies. Taken 

together, this will help enhance knowledge in the areas of 
CTC generation, metastasis, and EMT to ultimately assist in 
treating patients with aggressive metastatic disease.
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Table 4  Advantages and 
disadvantages of CellSearch®, 
Parsortix® and VyCap CTC 
analysis platforms

CellSearch ® Parsortix ® VyCap

Clinically Validated1?

Captures all types of CTC/phenotype-
independent

Provides user flexibility for development 
of custom antibody panels for CTC 
analysis

Ability to harvest viable cells for 
downstream analysis

Quick processing time/high sample 
throughput

Affordability/cost

Recommended for use in analyzing 
CTCs in clinical samples from cancer 
patients?

Recommended for use in analyzing 
CTCs in pre-clinical mouse models of 
metastasis? 

1 Based on regulatory approval and/or published clinical data demonstrating an association with patient 
prognosis and/or response to therapy
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as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

References

 1. Siegel RL, Miller K, Jemal A (2020) Cancer statistics 2020. CA 
Cancer J Clin 70:7–30. https ://doi.org/10.3322/caac.21590 

 2. Seyfried TN, Huysentruyt LC (2012) On the origin of cancer 
metastasis. Crit Rev Oncog 18:43–73. https ://doi.org/10.1615/
critr evonc og.v18.i1-2.40

 3. Mittal V (2018) Epithelial Mesenchymal Transition in Tumor 
Metastasis. Annu Rev Pathol Mech Dis 13:395–412. https ://doi.
org/10.1146/annur ev-patho l-02011 7-04385 4

 4. Kalluri R, Weinberg RA (2009) The basics of epithelial-mes-
enchymal transition. J Clin Invest 119:1420–1428. https ://doi.
org/10.1172/JCI39 104

 5. Albanese C, Rodriguez OC, VanMeter J, Fricke ST, Rood BR, 
Lee Y, Wang SS, Madhavan S, Gusev Y, Petricoin EF, Wang 
Y (2013) Preclinical magnetic resonance imaging and systems 
biology in cancer research: current applications and challenges. 
Am J Pathol 182:312–318. https ://doi.org/10.1016/j.ajpat 
h.2012.09.024

 6. Chambers AF, Groom AC, MacDonald IC (2002) Dissemination 
and growth of cancer cells in metastatic sites. Nat Rev Cancer 
2:563–572. https ://doi.org/10.1038/nrc86 5

 7. Cristofanilli M, Budd GT, Ellis MJ, Stopeck A, Matera J, Miller 
MC, Reuben JM, Doyle GV, Allard WJ, Terstappen LWMM, 
Hayes DF (2004) Circulating tumor cells, disease progression, and 
survival in metastatic breast cancer. N Engl J Med 351:781–791. 
https ://doi.org/10.1056/NEJMo a0407 66

 8. De Bono JS, Scher HI, Montgomery RB, Parker C, Miller MC, 
Tissing H, Doyle GV, Terstappen LWWM, Pienta KJ, Raghavan 
D (2008) Circulating tumor cells predict survival benefit from 
treatment in metastatic castration-resistant prostate cancer. Clin 
Cancer Res 14:6302–6309. https ://doi.org/10.1158/1078-0432.
CCR-08-0872

 9. Graves H, Czerniecki BJ (2011) Circulating tumor cells in breast 
cancer patients: an evolving role in patient prognosis and dis-
ease progression. Patholog Res Int 2011:621090. https ://doi.
org/10.4061/2011/62109 0

 10. Goldkorn A, Ely B, Quinn DI, Tangen CM, Fink LM, Xu T, Twar-
dowski P, Van Veldhuizen PJ, Agarwal N, Carducci MA, Monk 
JP, Datar RH, Garzotto M, Mack PC, Lara P, Higano CS, Hus-
sain M, Thompson IM, Cote RJ, Vogelzang NJ (2014) Circulating 
tumor cell counts are prognostic of overall survival in SWOG 
S0421: a phase III trial of docetaxel with or without atrasentan 
for metastatic castration-resistant prostate cancer. J Clin Oncol 
32:1136–1142. https ://doi.org/10.1200/JCO.2013.51.7417

 11. Lowes LE, Goodale D, Xia Y, Postenka C, Piaseczny MM, Pac-
zkowski F, Allan AL (2016) Epithelial-to-mesenchymal transi-
tion leads to disease-stage differences in circulating tumor cell 
detection and metastasis in pre-clinical models of prostate cancer. 
Oncotarget 7:76125–76139

 12. Cohen SJ, Punt CJA, Iannotti N, Saidman BH, Sabbath KD, 
Gabrail NY, Picus J, Morse MA, Mitchell E, Miller MC, 
Doyle GV, Tissing H, Terstappen LWMM, Meropol NJ (2009) 

Prognostic significance of circulating tumor cells in patients with 
metastatic colorectal cancer. Ann Oncol 20:1223–1229. https ://
doi.org/10.1093/annon c/mdn78 6

 13. Allard WJ, Matera J, Miller MC, Repollet M, Connelly MC, Rao 
C, Tibbe AGJ, Uhr JW, Terstappen LWMM (2004) Tumor cells 
circulate in the peripheral blood of all major carcinomas but not 
in healthy subjects or patients with nonmalignant diseases. Clin 
Cancer Res 10:6897–6904. https ://doi.org/10.1158/1078-0432.
CCR-04-0378

 14. Jolly MK (2015) Implications of the hybrid epithelial/mesen-
chymal phenotype in metastasis. Front Oncol 5:155. https ://doi.
org/10.3389/fonc.2015.00155 

 15. Gorges TM, Tinhofer I, Drosch M, Röse L, Zollner TM, 
Krahn T, von Ahsen O (2012) Circulating tumour cells 
escape from EpCAM-based detection due to epithelial-to-
mesenchymal transition. BMC Cancer 12:178. https ://doi.
org/10.1186/1471-2407-12-178

 16. Armstrong AJ, Marengo MS, Oltean S, Kemeny G, Bitting 
RL, Turnbull JD, Herold CI, Marcom PK, George DJ, Garcia-
Blanco MA (2011) Circulating tumor cells from patients with 
advanced prostate and breast cancer display both epithelial and 
mesenchymal markers. Mol Cancer Res 9:997–1007. https ://doi.
org/10.1158/1541-7786.MCR-10-0490

 17. Bulfoni M, Gerratana L, Del Ben F, Marzinotto S, Sorrentino 
M, Turetta M, Scoles G, Toffoletto B, Isola M, Beltrami CA, Di 
Loreto C, Beltrami AP, Puglisi F, Cesselli D (2016) In patients 
with metastatic breast cancer the identification of circulating 
tumor cells in epithelial-to-mesenchymal transition is associ-
ated with a poor prognosis. Breast Cancer Res 18:30. https ://doi.
org/10.1186/s1305 8-016-0687-3

 18. Lindsay CR, Le Moulec S, Billiot F, Loriot Y, Ngo-Camus M, 
Vielh P, Fizazi K, Massard C, Farace F (2016) Vimentin and Ki67 
expression in circulating tumour cells derived from castrate-resist-
ant prostate cancer. BMC Cancer 16:168. https ://doi.org/10.1186/
s1288 5-016-2192-6

 19. Yu M, Bardia A, Wittner BS, Stott SL, Smas ME, Ting DT, Isakoff 
SJ, Ciciliano JC, Wells MN, Shah AM, Concannon KF, Donald-
son MC, Sequist LV, Brachtel E, Sgroi D, Baselga J, Ramaswamy 
S, Toner M, Haber DA, Maheswaran S (2013) Circulating breast 
tumor cells exhibit dynamic changes in epithelial and mesenchy-
mal composition. Science 339:580–584. https ://doi.org/10.1126/
scien ce.12285 22

 20. Kitz J, Lowes L, Goodale D, Allan A (2018) Circulating tumor 
cell analysis in preclinical mouse models of metastasis. Diagnos-
tics 8:30. https ://doi.org/10.3390/diagn ostic s8020 030

 21. Lowes LE, Hedley BD, Keeney M, Allan AL (2014) Adaptation 
of semiautomated circulating tumor cell (CTC) assays for clinical 
and preclinical research applications. J Vis Exp 84:e51248. https 
://doi.org/10.3791/51248 

 22. Xu L, Mao X, Imrali A, Syed F, Mutsvangwa K, Berney D, Cath-
cart P, Hines J, Shamash J, Lu YJ (2015) Optimization and evalu-
ation of a novel size based circulating tumor cell isolation. PLoS 
ONE 10:e0138032. https ://doi.org/10.1371/journ al.pone.01380 32

 23. Zweitzig DR, Tibbe AG, Nguyen AT, van Rijn CJM, Kopnitsky 
MJ, Cichonski K, Terstappen LWMM (2016) Feasibility of a sim-
ple microsieve-based immunoassay platform. J Immunol Methods 
437:21–27. https ://doi.org/10.1016/j.jim.2016.07.002

 24. Lampignano R, Schneck H, Neumann M, Köhler D, Terstap-
pen L, Niederacher D, Fehm T, Neubauer H (2015) Detection of 
EpCAM-negative circulating tumor cells by using VyCAP filters 
technology. Senol Z Mammadiag Therapie 12:A82. https ://doi.
org/10.1055/s-0035-15505 23

 25. Price JE, Polyzos A, Zhang RD, Daniels LM (1990) Tumorigenic-
ity and metastasis of human breast carcinoma cell lines in nude 
mice. Cancer Res 50:717–721

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3322/caac.21590
https://doi.org/10.1615/critrevoncog.v18.i1-2.40
https://doi.org/10.1615/critrevoncog.v18.i1-2.40
https://doi.org/10.1146/annurev-pathol-020117-043854
https://doi.org/10.1146/annurev-pathol-020117-043854
https://doi.org/10.1172/JCI39104
https://doi.org/10.1172/JCI39104
https://doi.org/10.1016/j.ajpath.2012.09.024
https://doi.org/10.1016/j.ajpath.2012.09.024
https://doi.org/10.1038/nrc865
https://doi.org/10.1056/NEJMoa040766
https://doi.org/10.1158/1078-0432.CCR-08-0872
https://doi.org/10.1158/1078-0432.CCR-08-0872
https://doi.org/10.4061/2011/621090
https://doi.org/10.4061/2011/621090
https://doi.org/10.1200/JCO.2013.51.7417
https://doi.org/10.1093/annonc/mdn786
https://doi.org/10.1093/annonc/mdn786
https://doi.org/10.1158/1078-0432.CCR-04-0378
https://doi.org/10.1158/1078-0432.CCR-04-0378
https://doi.org/10.3389/fonc.2015.00155
https://doi.org/10.3389/fonc.2015.00155
https://doi.org/10.1186/1471-2407-12-178
https://doi.org/10.1186/1471-2407-12-178
https://doi.org/10.1158/1541-7786.MCR-10-0490
https://doi.org/10.1158/1541-7786.MCR-10-0490
https://doi.org/10.1186/s13058-016-0687-3
https://doi.org/10.1186/s13058-016-0687-3
https://doi.org/10.1186/s12885-016-2192-6
https://doi.org/10.1186/s12885-016-2192-6
https://doi.org/10.1126/science.1228522
https://doi.org/10.1126/science.1228522
https://doi.org/10.3390/diagnostics8020030
https://doi.org/10.3791/51248
https://doi.org/10.3791/51248
https://doi.org/10.1371/journal.pone.0138032
https://doi.org/10.1016/j.jim.2016.07.002
https://doi.org/10.1055/s-0035-1550523
https://doi.org/10.1055/s-0035-1550523


108 Clinical & Experimental Metastasis (2021) 38:97–108

1 3

 26. Kaighn ME, Narayan KS, Ohnuki Y, Lechner JF, Jones LW (1979) 
Establishment and characterization of a human prostatic carci-
noma cell line (PC-3). Invest Urol 17:16–23

 27. Coumans FAW, van Dalum G, Beck M, Terstappen LWMM 
(2013) Filter Characteristics influencing circulating tumor cell 
enrichment from whole blood. PLoS ONE 8:e61770. https ://doi.
org/10.1371/journ al.pone.00617 70

 28. Hvichia GE, Parveen Z, Wagner C, Janning M, Quidde J, Stein A, 
Müller V, Loges S, Neves RPL, Stoecklein NH, Wikman H, Rieth-
dorf S, Pantel K, Gorges TM (2016) A novel microfluidic platform 
for size and deformability based separation and the subsequent 
molecular characterization of viable circulating tumor cells. Int J 
Cancer 138:2894–2904. https ://doi.org/10.1002/ijc.30007 

 29. Xu L, Mao X, Imrali A, Syed F, Mutsvangwa K, Berney D, 
Cathcart P, Hines J, Shamash J, Lu YJ (2015) Optimization and 
evaluation of a novel size based circulating tumor cell isolation 
system. PLoS ONE 10:e0138032. https ://doi.org/10.1371/journ 
al.pone.01380 32

 30. Coumans FAW, van Dalum G, Beck M, Terstappen LWMM 
(2013) Filtration parameters influencing circulating tumor cell 
enrichment from whole blood. PLoS ONE 8:e61770. https ://doi.
org/10.1371/journ al.pone.00617 74

 31. De Wit S, Van Dalum G, Lenferink ATM, Tibbe AGJ, Hiltermann 
TJN, Groen HJM, Van Rijn CJM, Terstappen LWMM (2015) The 
detection of EpCAM+ and EpCAM− circulating tumor cells. Sci 
Rep 5:12270. https ://doi.org/10.1038/srep1 2270

 32. Pailler E, Oulhen M, Billiot F, Galland A, Auger N, Faugeroux V, 
Laplace-Builhé C, Besse B, Loriot Y, Ngo-Camus M, Hemanda 
M, Lindsay CR, Soria JC, Vielh P, Farace F (2016) Method for 
semi-automated microscopy of filtration-enriched circulating 
tumor cells. BMC Cancer 16:447. https ://doi.org/10.1186/s1288 
5-016-2461-4

 33. Stevens M, Oomens L, Broekmaat J, Weersink J, Abali F, Swen-
nenhuis J, Tibbe A (2018) VyCAP’s puncher technology for single 
cell identification, isolation, and analysis. Cytom Part A 93:1255–
1259. https ://doi.org/10.1002/cyto.a.23631 

 34. Neumann MHD, Bender S, Krahn T, Schlange T (2018) ctDNA 
and CTCs in liquid biopsy—current status and where we need 
to progress. Comput Struct Biotechnol J 16:190–195. https ://doi.
org/10.1016/j.csbj.2018.05.002

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1371/journal.pone.0061770
https://doi.org/10.1371/journal.pone.0061770
https://doi.org/10.1002/ijc.30007
https://doi.org/10.1371/journal.pone.0138032
https://doi.org/10.1371/journal.pone.0138032
https://doi.org/10.1371/journal.pone.0061774
https://doi.org/10.1371/journal.pone.0061774
https://doi.org/10.1038/srep12270
https://doi.org/10.1186/s12885-016-2461-4
https://doi.org/10.1186/s12885-016-2461-4
https://doi.org/10.1002/cyto.a.23631
https://doi.org/10.1016/j.csbj.2018.05.002
https://doi.org/10.1016/j.csbj.2018.05.002

	EMT-independent detection of circulating tumor cells in human blood samples and pre-clinical mouse models of metastasis
	Abstract
	Introduction
	Materials and methods
	Cell culture and labeling
	Blood collection and tumor cell spiking
	CTC analysis
	CellSearch®
	Parsortix®
	VyCap

	In vivo metastasis studies
	CTC characterization
	CTC harvesting
	Quantitative real-time PCR analysis

	Statistical analysis

	Results
	The Parsortix® and CellSearch® platforms provide equivalent recovery of epithelial CTCs in human blood samples, but Parsortix® is superior for recovering mesenchymal CTCs
	The VyCap CTC platform provides enhanced recovery of epithelial and mesenchymal CTCs in mouse blood samples compared to CellSearch®
	The VyCap CTC platform provides enhanced recovery of mesenchymal CTCs from in vivo mouse models of prostate cancer metastasis
	CTCs can be harvested from the VyCap and Parsortix® for downstream molecular characterization

	Discussion
	References




