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INTRODUCTION

Circulating Tumor Cells
Nearly 150 years ago, Thomas Ashworth reported the first observations of circulating 
tumour cells (CTCs) in the peripheral blood of a patient with metastatic cancer from an 
unknown primary site (1). Since this early observation, tremendous strides have been made 
in our technical ability to isolate and analyze these rare cells. These advances have led to 
an improved understanding of basic cancer biology as well as a myriad of efforts aimed at 
exploring CTCs as cancer biomarkers.
CTCs enter the circulation by either passive shedding or through the dynamic process of 
stromal invasion and subsequent intravasation into the blood stream (2, 3). Within the 
circulation, CTCs must survive sheer stress and evade the host immune system in order to 
extravasate at a distant site. Once at their new location, CTCs must adapt to the local 
microenvironment, where they can lay dormant in a quiescent state or undergo proliferation 
to develop into metastatic foci. These cells are then called ‘disseminated tumour cells’ or 
‘DTCs’ (Figure 1).

CTCs can originate from either primary or metastatic sites of disease, providing a number 
of potential applications as cancer biomarkers, including early cancer detection, disease 
staging, monitoring for recurrence, prognostication, and therapy selection. Within the field 
of urologic oncology, CTCs have been explored as biomarkers or prostate, bladder and 
kidney cancer. 

My thesis is focused on prostate and bladder cancer only and in the following paragraphs 
we will elucidate the role of CTCs in these two types of cancer.

Figure 1. Schematic representation of CTCs entering the peripheral circulation and establishing a metastatic 
focus at a distant site. Circulating tumour cells (CTCs) enter the circulation by either passive shedding or through 
the active process of invasion and intravasation. Within the bloodstream, CTCs must survive sheer stress and 
evade the host immune system. CTCs then undergo transendothelial migration to extravasate at a distant site. 
Once at their new location, CTCs can lay dormant or undergo proliferation.
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1Prostate cancer
CTCs have been extensively studied as biomarkers of prostate cancer. Publications on this 
topic range widely from small pilot studies describing initial feasibility with novel CTC 
technologies, to results of large phase III trials utilizing validated clinical-grade tests (4-6). 

CellSearch
The CellSearch® test (Janssen Diagnostics, USA) is currently the only CTC assay cleared 
by the FDA, having originally gained regulatory approval following the publication of 
several large diagnostic trials as an adjunctive method for monitoring patients with 
metastatic breast, colorectal, and prostate cancer (7-15). The CellSearch® test relies on the 
positive selection of cancer cells using antibodies against the epithelial cell adhesion 
molecule (EpCAM) antigen (7). Blood samples are first incubated with ferroparticles coated 
in anti-EpCAM antibodies. Ferroparticle-bound cells are then captured in a magnetic field 
and stained with 4’,6-diamidino-2-phenylindone (DAPI) as well as fluorescently labeled 
antibodies against the leukocyte marker CD45, and cytokeratins 8, 18 and 19. After staining, 
CTCs are enumerated utilizing the semi-automated CellTracks Analyzer II System. With 
this assay, a CTC is defined as any nucleated cell that is positive for cytokeratin expression 
but negative for CD45 (Figure 2).
The CellSearch® system has been evaluated in numerous studies of patients with metastatic 
prostate cancer (7, 14-20). In an early report of this test, Allard and coworkers found that 
107 of 188 (57%) samples from 123 patients with metastatic prostate cancer had ≥2 CTCs 
in a standard 7.5 mL blood draw (7). Notably, 14% of samples had ≥50 CTCs. Based on 
these promising findings, two large prospective studies were performed to evaluate the 
prognostic utility of the CellSearch® test in patients with metastatic castration-resistant 
prostate cancer (mCRPC) that was progressing (rising PSA or PSA >5ng/mL, new osseous 
lesions, or new/enlarging soft tissue metastases) and who where to start a new cytotoxic 
therapy (14, 15). In the larger of these studies (n=231), de Bono and colleagues found that 
57% of patients had ≥5 CTCs per 7.5 mL of blood. Importantly, patients with ≥5 CTCs had 
a median overall survival nearly half of patients with lower CTC counts (11.5 versus 21.7 
months; HR 3.3; p <0.0001) (15). These findings have since been validated in a number of 
other reports including a recent phase III clinical trial evaluating the efficacy of atrasentan 
in combination with docetaxel chemotherapy (20). Despite these seemingly favorable 
findings, this test has not translated into routine clinical use, an issue that has been attributed 
to the fact that the CellSearch® test offers only prognostic information, and not truly 
actionable data that could influence the clinician to alter patient care. However, a phase III 
study to evaluate the CellSearch® test in guiding the transition from first-line docetaxel to 
second-line cabazitaxel in men with mCRPC is planned (21), in which patients will be 
randomized to compare standard-of-care therapeutic decision making versus CTC-guided 
drug discontinuation using overall survival as the primary endpoint. 
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AdnaTest
Like CellSearch®, the AdnaTest relies on positive selection of CTCs from peripheral blood 
using anti-EpCAM antibodies. Cells are then lysed and RNA is extracted for downstream 
analysis with reverse-transcription polymerase chain reaction RT-PCR. The standard 
AdnaTest includes primers against prostate specific antigen (PSA), prostate-specific 
membrane antigen (PSMA) and the epidermal growth factor receptor (EGFR). A sample 
is defined as positive for the presence of CTCs if any of these genes are detected. In an early 
feasibility study of the AndaTest, CTCs were detected in 11 of 16 patients (67%) with 
mCRPC before initiating docetaxel treatment (22). 
Moving beyond the simple readout of presence or absence of CTCs, Antonarakis et al. 
modified the standard AdnaTest to include primers for the detection of the androgen-
receptor splice variant 7 (AR-V7) (23). This splice variant lacks a ligand-binding domain, 
resulting in constitutive activation of genes that are regulated by the androgen receptor 
(AR) (24, 25). Antonarakis and co-workers postulated that expression of AR splice variants, 
such as AR-V7, might indicate resistance to drugs that target AR signaling. To test this 
hypothesis, the authors evaluated blood samples from 62 patients with the modified 
AdnaTest before initiating treatment with enzalutamide or abiraterone acetate, enabling 
correlation of AR-V7 status with response to these drugs. Overall, 18 of 62 men (29%) had 
AR-V7 positive CTCs. More importantly, men with AR-V7 positive CTCs had markedly 
worse PSA responses and shorter periods of progression-free and overall survival as 
compared to men without this biomarker. Steinestel et al. further modified the AdnaTest 
to include primers for AR-V7 status as well as point mutations in exon 3 and exon 5 of AR. 

Figure 2. Representative images of a CTC and WBC detected using the CellSearch test. Circulating tumour cells 
(CTCs) are nucleated cells that are positive for cytokeratins (CK) but negative for CD45. White blood cells (WBCs) 
are nucleated and positive for CD45. Figure provided by Dr Daren Davis, et al. (ApoCell Inc., USA). Pink=DAPI, 
Green=CK, White=CD45
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1With this modified assay, the authors identified AR variants in 19 of 37 patients (51%) and 
estimated a positive predictive value of nearly 94% for predicting response to AR-targeted 
therapy (26).
Extending this line of investigation further, Nakazawa et al. used AdnaTest to explore the 
dynamics of CTC AR-V7 status in a cohort of 14 patients with metastatic prostate cancer 
as they transitioned between various therapies (27). Over a median follow-up period of 11 
months, patients contributed a combined total of 70 blood samples. Conversions to AR-
V7-positive status occurred while patients were receiving a host of therapies for prostate 
cancer including androgen deprivation, enzalutamide, abiraterone acetate, or taxane 
chemotherapy. By contrast, reversions to AR-V7-negative status occurred only upon 
treatment with taxanes. Consistent with the earlier finding of Antonarakis et al. (23), 
patients with AR-V7-positive CTCs did not demonstrate PSA responses while being treated 
with enzalutamide or abiraterone acetate. These patients, however, did show response to 
treatment with taxane chemotherapy. This finding has since been independently confirmed 
by another group who demonstrated that patients responded equally to treatment with 
cabazitaxel regardless of CTC AR-V7 status (28). 
Taken together, the available data strongly suggest that AR-V7 status of CTCs can provide 
clinically practical information for men with prostate cancer considering treatment with 
abiraterone acetate or enzalutamide. 

Selection-free detection of CTCs 
A common shortcoming of the CellSearch® system and the AdnaTest is their reliance on 
positive selection of CTCs with antibodies against EpCAM. Thus, cells that lack or have 
low levels of this protein are excluded from capture and analysis (29, 30) (Figure 3). This 
type of cells includes those that predominantly express mesenchymal markers, a CTC 
population that is likely to be associated with an aggressive prostate cancer phenotype (31-
33). This limitation has lead several groups to develop selection-free methods for identifying 
and characterizing CTCs.

High-throughput imaging
A notable example of a selection-free approach for CTC detection relies on high-throughput 
imaging, as well as advanced segmentation and classification algorithms to identify 
fluorescently labeled CTCs from a background of millions of white blood cells. This test, 
which was originally developed by investigators at The Scripps Research Institute (34), is 
now offered as a service of Epic Sciences in San Diego, CA (35, 36). In the first step of this 
assay, whole blood is incubated with an ammonium chloride solution to lyse and remove 
red blood cells. The remaining mononuclear cells are then pelleted and spread as a 
monolayer onto custom glass slides covered in a proprietary adhesive coating. At a plating 
density of three million cells per slide, a typical 7.5 mL blood sample is spread across 10-12 
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slides. Two of these slides are stained for DAPI, CD45 and cytokeratins, and the remainders 
are frozen for future biomarker analysis. Stained slides are scanned using fibreoptic array 
scanning technology (FAST) and acquired images are analyzed by image-processing 
software that selects candidate CTCs. With this technology, data is reported on a number 
of CTC phenotypes including traditional CTCs, CTC clusters, small CTCs, cytokeratin 
negative CTCs, and apoptotic CTCs (Figure 4).

In an early report using this novel selection-free approach, Marrinucci and colleagues (37) 
found >5 CTCs per 1 mL of blood in 80% of tested patients with metastatic prostate cancer. 
When compared to the CellSearch® system, their assay detected ≥1 CTC in over twice as 
many patients (40% versus 93%) (37). This test has since gone through rigorous technical 
and analytical validation and is now currently offered as a Clinical Laboratory Improvement 
Amendments (CLIA) certified assay.

The strength of the above test does not lie solely on its ability to detect more CTCs than 
CellSearch®. Additional notable features include the ability for the user to introduce disease-
specific and pharmacodynamic markers as well as to perform downstream molecular assays 
on identified cells. An example of these aspects of the test were prominently featured in a 

Figure 3. PC3 prostate cancer cells spiked into white blood cells. a | The PC3 cells stain positively for cytokeratin 
(green), whereas the white blood cells stain positively for CD45 (orange). b | The cells were additionally stained 
using a fluorescently labelled antibody for epithelial cell adhesion molecule (EpCAM; red). Note, the marked 
heterogeneity in the EpCAM staining pattern of the PC3 cells despite the universally strong cytokeratin staining. 
Circulating tumour cells (CTCs) with low EpCAM expression would likely not be detected with methods that 
positively select cells using this cell-surface protein. Thus, many in the field of CTC research now favor selection-
free approaches for CTC detection. Figure provided by Dr Eric Kaldjian, et al. (RareCyte Inc., Seattle, WA).
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1

study by Dago et al. (38) in which the authors explored AR protein levels and genomic 
alterations present in CTCs of a single patient undergoing systemic therapy for mCRPC. 
Using this technique, the authors were able to identify three distinct CTC lineages arising 
in response to systemic therapy. Punnoose and colleagues (39) also demonstrated the 
potential of the Epic Sciences test with the development of an assay that includes fluorescence 
in situ hybridization (FISH) for loss of the PTEN tumor suppressor gene. These authors 
found that men with PTEN loss detected in CTCs had worse outcomes compared with 
patients with preservation of this gene. Finally, this assay has also been applied to patients 
with neuroendocrine prostate cancer in order to determine unique staining and 

Figure 4. Representative CTC subtypes detected by the Epic platform. a | Traditional circulating tumor cells 
(CTCs)(4′,6-diamidino-2-phenylindole (DAPI)+, cytokeratin (CK)+, CD45−). b | CTC clusters (≥2 adjacent traditional 
DAPI+, CK+, CD45− CTCs that share cytoplasmic boundaries). c | Small CTCs (DAPI+, CK+, CD45− with similar 
nuclear size to surrounding white blood cells). d | CK-negative CTCs (DAPI+, CK−, CD45−). e | Apoptotic CTCs 
(CK+, CD45−, with DAPI staining pattern consistent with chromosomal condensation and/or nuclear 
fragmentation). Figure provided by Dr Peter Kuhn and co-workers (University of Southern California, USA).
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morphological criteria for detecting CTCs in this patient population (40). Notably, 
compared to CTCs from patients with mCRPC, CTCs from patients with neuroendocrine 
prostate cancer were found to be of smaller size and contain abnormal nuclear and 
cytoplasmic features. In addition, neuroendocrine patients had a higher prevalence of low-
cytokeratin-expressing CTCs.

Epic Sciences is not the only company to use high-throughput imaging for CTC detection. 
The AccuCyte® – CyteFinder® system is a similar imaging-based platform that has been 
commercialized by RareCyte, Seattle, WA (41). With this system, density-based separation 
is first used to isolate nucleated blood cells from red blood cells using the AccuCyte kit. 
The isolated cell fraction is then smeared onto glass slides and stained with fluorescently 
labeled antibodies of the investigator’s choosing. High-throughput imaging is then employed 
to identify candidate CTCs with the CyteFinder scanning microscope and image analysis 
tools. A unique feature of the AccuCyte® – CyteFinder® system is the integration of a single-
cell micromanipulator termed the CytePicker. Using this retrieval device, single cells can 
be retrieved from stained glass slides for downstream molecular analysis, including DNA 
sequencing and array comparative genomic hybridization. In contrast to the Epic Sciences 
test, the AccuCyte® – CyteFinder® system is a distributed technology for local laboratory 
investigation of CTCs rather than a service provided by a commercial company.

In an initial report describing the AccuCyte® – CyteFinder® system, Campton et al. (41) 
showed >90% recovery efficiency across tested cell lines, including the PC3 and LNCaP 
prostate cell lines. In a head-to-head comparison with the CellSearch® system, the AccuCyte® 
– CyteFinder® system found on average 34% more CTCs in 17 patients with metastatic 
prostate cancer (42). Similar results were also observed in samples from patients with lung 
and breast cancer. The authors attribute these differences in CTC counts to the ability of 
the AccuCyte® – CyteFinder® system to detect CTCs with low EpCAM levels (Figure 3). 

Our group purchased the AccuCyte® – CyteFinder® system, and a couple of the studies 
described in this thesis are performed using this platform.

Urothelial Cancer
Although not as vast as the body of work that has been generated in prostate cancer, there 
is considerable interest in exploring CTCs as biomarkers of urothelial cancer. With the 
exception of several early reports utilizing RT-PCR based approaches (43-47), nearly all 
studies to date have employed the CellSearch® test (48-55).   

To our knowledge, the first study to evaluate CellSearch® in patients with bladder cancer 
was performed by Naoe and co-workers in 2007 (48). Before assaying patient samples, the 
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1authors performed recovery experiments by spiking HT1197 bladder cancer cells into 
peripheral blood samples of healthy donor controls. Consistent with the performance 
characteristics of CellSearch® in other malignancies, this test demonstrated a recovery rate 
of approximately 80%. The feasibility of using CellSearch® was then tested in patients with 
localized non-muscle invasive bladder cancer (NMIBC), as well as muscle invasive bladder 
cancer (MIBC), (n=12) and metastatic (n=14) urothelial carcinoma. Notably, the majority 
of the cohort with non-metastatic disease (66.7%) had NMIBC, limiting the likelihood of 
occult micrometastatic disease in this small patient cohort. In total, 10 (71.4%) patients 
with metastatic disease had ≥1 detectable CTC per 7.5 mL of blood, whereas no patient 
with localized bladder cancer had any detectable CTC (48). 

In another early study, Gallagher and coworkers (49) evaluated the performance of the 
CellSearch® test in 33 patients with untreated or progressive metastatic urothelial carcinoma. 
This cohort included 20 (61%) patients with a primary tumor of the bladder and 12 (36%) 
with a primary tumor of the upper urinary tract (in one patient the primary was unknown). 
In total, 14 (42%) patients had ≥1 detectable CTC (range 0-87) per 7.5 mL of blood. A 
significantly higher number of CTCs were observed in patients with ≥2 metastatic sites (3.5 
versus 0 CTCs, P = 0.04), a finding that has since been replicated by others researchers (50).

Rink et al. (51) next evaluated the prognostic utility of the CellSearch® system in 55 patients 
undergoing radical cystectomy for urothelial carcinoma of the bladder. This cohort included 
50 patients with clinically advanced, non-metastatic bladder cancer and five patients with 
distant metastatic disease. In total, 30% of patients with localized bladder cancer had ≥1 
CTC per 7.5 mL of blood (median 1, range 1-11). By contrast, all five patients with 
metastatic disease had detectable CTCs (median 2, range 1-372). Notably, the authors 
observed that patients with ≥1 CTCs had worse oncologic outcomes than those with <1 
CTC, including shorter times to disease recurrence and cancer-specific death. These 
findings were later validated in a larger cohort of 100 patients with non-metastatic bladder 
cancer undergoing radical cystectomy (52). After controlling for standard clinicopathologic 
features (pathologic stage and grade, lymph node status, surgical soft tissue margin status, 
and adjuvant treatment), the authors observed adjusted hazard ratios of 4.60 (95% CI 1.95-
10.8), 5.52 (95% CI 1.85-14.73) and 3.50 (95% CI 1.52-8.02) for disease recurrence, cancer-
specific death, and overall mortality, respectively. Although the presence of CTCs provides 
prognostic information in patients undergoing cystectomy, the presence of these rare cells 
does not seem to correlate with adverse pathologic features, such as extent of local tumour 
invasion or lymph node involvement (51-53). For bladder cancer patients, there is 
unfortunately not yet a biomarker, like AR-V7 positive CTCs in PCa, that can help and 
guide you in your treatment decision.
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The CellSearch® test has also been evaluated in patients with NMIBC (54, 55). Gazzaniga 
et al. found that CTCs were detectable in 18% of such patients (54). Notably, the subset of 
patients with ≥1 detectable CTC were at a higher risk than patients with no detectable CTCs 
in terms of tumor recurrence (87.5% versus 36%) and progression to muscle-invasive 
disease (87.5% versus 0%). However, the study included a heterogeneous population of 
patients with varying tumor stages and grades. In a second study, that included a more 
homogeneous cohort of patients (n=102) with high-grade T1 bladder cancer, Gazzaniga 
et al. observed that patients with ≥1 detectable CTC were at a markedly higher risk of 
disease recurrence (HR 2.92, 95% CI 1.38-6.18) and progression (HR 7.17, 95% CI 1.89-
27.21) than those without detectable CTCs (55). Combined, the two studies demonstrate 
the potential role of the CellSearch® test to identify patients with clinically understaged 
bladder cancer who might benefit from radical cystectomy and/or systemic treatment 
instead of intravesical therapy.

Disseminated Tumor Cells
Less is known about the character and clinical significance of disseminated tumor cells 
(DTCs). Early identification of disease progression and improved risk-stratification are 
important to avoid overtreatment, harm and prolong cancer survival. Each year, about 
40,000 US men who have undergone therapy by either surgery or radiation with the 
intention to cure the cancer, present with incurable metastatic disease (56, 57). It is thought 
that prostate cancer cells are able to leave the primary tumor early in a patients’ disease, 
most likely even before primary treatment. This suggests that these cells can take up 
residency in the bone marrow (BM) and remain dormant in patients with no evidence of 
disease for a prolonged period of time, before eventually reawaken, proliferate, and become 
clinically overt bone metastases (56-59).

This phenomenon raises many questions, for example: why do prostate cancer cells 
predominantly metastasize to the bone? When in the disease progression do these cells 
start lodging at a distal site? Why do certain cancers recur after a long period of time, while 
others remain dormant? What happens with the DTCs while they stay dormant and what 
triggers the dormant DTCs to start proliferating again? Can we target these cells with novel 
therapies while they are held in a quiescent state, or do we first need to mobilize these cells 
to make them susceptible for therapy? 

The detection of microscopic disseminated disease at the time of radical prostatectomy 
(RP) has thus become an important goal of the field, and hopefully makes it possible to 
identify patients who are at risk for recurrence and thus may benefit from adjuvant 
treatment (60, 61).
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1Until recently, groups working in the field of CTCs have relied on the assumption that 
epithelial markers, such as EpCAM, would be specific for identifying disseminated tumor 
cells in the BM. Previously, one group reported (using epithelial markers) that DTCs are 
present in 72% of patients at time of RP, and they concluded that their persistence after 
surgery is an independent predictor of biochemical recurrence (62). Unfortunately, we now 
know that there are huge issues with correctly calling a cell real DTCs using epithelial 
markers, as these markers are also expressed on normal erythroid precursor cells in the 
BM (63-65). This highlights the high need for prostate-specific markers for the detection 
of DTCs in the bone marrow of patients with prostate cancer.

As said previously, the AdnaTest allows for molecular characterization of CTCs. In the last 
study described in this thesis, we decided to also process BM samples with this test (besides 
blood samples), thereby being able to enrich for CTCs, as well as for DTCs, using prostate-
specific markers.

GOAL OF THESIS 

The general aim of this thesis is to investigate the difficulties in correctly calling cells 
circulating and disseminated tumor cells in patients with high-risk and metastatic prostate 
and urothelial cancer and the urgent need for disease-specific markers in the detection of 
these cells. As reflected in its title, this thesis is divided into two parts. The first part focuses 
on circulating tumor cells; the second part of this thesis is directed towards the role of 
disseminated tumor cells in the development of overt metastases.

OUTLINE OF THESIS

Part I  Circulating Tumor Cells
Chapter 2 of this thesis focusses on the technical limitations and pitfalls of the most 
common CTC isolation and detection strategies. Additionally, we aim to emphasize the 
difficulties in correctly classifying rare cells as CTCs using common biomarkers.
Chapter 3 describes the need for biomarkers in urothelial cancer to better risk-stratify 
patients and selecting optimal therapies. Circulating tumor cells have great potential, but 
to date have only been studied with tests that cannot detect epithelial-marker negative 
CTCs. We show that CTCs are present during all cancer stages of urothelial cancer and 
exhibit phenotypic diversity for cell size and epithelial marker expression. In Chapter 4 we 
describe that nucleolin, a common nucleolar protein in proliferative cells, displays a unique 
expression and localization in prostate cancer CTCs, compared to WBCs, and thus has the 
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potential to serve as the basis for a sensitive and specific CTC detection method.
At present, a plethora of methods have been developed and are commercially available for 
the detection and isolation of these rare cells, all with their own pros and cons. In Chapter 
5 we compare the performance of two of those CTC detection methods with a different 
approach, which are both not relying on EpCAM (only). First, the novel selection-free 
AccuCyte® – CyteFinder® system (RareCyte, Inc., Seattle, UC), which is able to identify as 
well EpCAM negative, as EpCAM positive CTCs. The strength of this method is the fact 
that there is no loss of CTCs by marker selection or physical overlap between CTCs and 
other blood components. The second system used in this study is the ISET system (Isolation 
by Size of Epithelial Tumor cells), which uses size-based separation of CTCs and thus does 
not rely on the expression of epithelial markers only, thereby allowing for the identification 
of CTCs with different phenotypes. 
In addition, existing methods to isolate and analyze CTCs require various transfer, wash, 
and staining steps that can be time consuming, expensive and has the risk of loss of rare 
cells. To overcome the limitations of existing CTC isolation strategies, we describe in 
Chapter 6 the development of an inexpensive ‘lab on a chip’ device for the enrichment, 
staining, and analysis of rare cell populations. 

Part II  Disseminated Tumor Cells
Prostate CTCs escape the primary tumor and enter the peripheral blood and arrive in the 
bone marrow (BM) as disseminated tumor cells (DTCs), representing a first step towards 
conventionally detectable metastasis. Chapter 7 of this thesis provides an introduction into 
the role of DTCs in prostate cancer metastasis. In Chapter 8 we have assembled a 
comprehensive list of published putative prostate-specific markers and posit an ideal 
strategy for staining rare cancer cells from liquid biopsies. 
Lastly, in clinically localized cancer, the rate at which tumor cells disseminate is unclear 
and current detection methods rely on epithelial markers with low specificity and sensitivity. 
In Chapter 9 we describe the detection and characterization of these cells by employing 
multiple methodologies of DTC detection, utilizing both epithelial and prostate-specific 
markers, in BM harvested at radical prostatectomy (RP).

Part III 
Chapter 10 finalizes this thesis providing a summary, conclusion and future perspectives.
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ABSTRACT

Increasing evidence suggests that cancer cells display dynamic molecular changes in 
response to systemic therapy. Circulating tumor cells (CTCs) in the peripheral blood 
represent a readily available source of cancer cells with which to measure this dynamic 
process. To date, a large number of strategies to isolate and characterize these cells have 
been described. These techniques, however, each have unique limitations in their ability to 
sensitively and specifically detect these rare cells. In this review we focus on the technical 
limitations and pitfalls of the most common CTC isolation and detection strategies. 
Additionally, we emphasize the difficulties in correctly classifying rare cells as CTCs using 
common biomarkers. As for assays developed in the future, the first step must be a uniform 
and clear definition of the criteria for assigning an object as a CTC based on disease-specific 
biomarkers.
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INTRODUCTION

The estimated risk of developing cancer during one’s lifetime is approximately 40%, with 
nearly 1 in 5 cancer patients dying as a result of their disease [1]. The metastatic cascade is 
a poorly understood process that begins with cell migration and intravasation into the 
circulation [2, 3]. Cancer cells that enter the bloodstream are termed circulating tumor 
cells, or CTCs. It is estimate that millions of CTCs continuously circulate throughout the 
body; however, it remains unclear what percentage of these cells enter the circulation 
through an active process versus passive sloughing [4-6]. CTCs that survive the physical 
stress of the circulation and avoid immune clearance can extravasate at distal sites. These 
cells, known as disseminated tumors cells (DTCs), may remain dormant for many years 
prior to progression to clinically-detectable metastases [7, 8]. 

CTCs and DTCs hold promise as functional biomarkers of the metastatic process, both for 
scientific inquiry and clinical applications. However, CTCs have been studied more 
extensively than DTCs as biomarkers of solid malignancies, partially due to the ease of 
sample collection [9-13]. CTC detection relies on venipuncture, rather than solid tissue 
biopsy or bone marrow aspiration. A major benefit of liquid-biopsy based approaches is 
that they can be performed repeatedly with low risk for side effects, enabling a dynamic 
measurement of CTCs as an indicator of disease burden and response to therapy [14-18]. 

The significance of CTCs as functional biomarkers of solid malignancies is evidenced by 
the vast array of techniques that have been developed for their detection. The goal of this 
narrative review is to summarize the technical limitations and pitfalls of common strategies 
for the isolation and analysis of CTCs. In addition, we emphasize the difficulty of accurately 
identifying cells as CTCs. In addition, we describe the difficulty of accurately identifying 
cells as CTCs using only epithelial biomarkers. Because the main focus in our laboratory 
is prostate cancer (PCa), many of the provided examples pertain to this disease. Nevertheless, 
the message of this paper is applicable for most solid cancers.

CTC Isolation Basics: Finding a “Needle in a Haystack”
In patients with advanced solid cancers, CTCs often occur at very low concentrations, on 
the order of ~1 CTC per ten million white blood cells (WBCs) in a 7.5 mL sample of blood 
[17, 19]. The extremely low concentration of CTCs poses a challenge for their detection and 
characterization, analogous to figuratively looking for a needle in a haystack (Figure 1). 
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In recent years, a plethora of assays has been developed for the isolation and detection of 
CTCs. CTC isolation strategies can be divided into three major categories: positive selection, 
negative selection, and selection-free. 

Positive selection
Enrichment methods that select for cells with CTC-like properties not exhibited by other 
blood cell components such as WBCs. This strategy relies on the isolation of cells based 
on physical properties or the expression of cell surface markers that are unique to CTCs. 

Negative selection
Depletion methods that select for and then discard objects that have WBC-like properties. 
This strategy relies on the removal of WBCs and other normal blood components based 
on physical properties or cell surface markers that are unique to non-CTCs. 

Selection-free
High-throughput imaging and bulk methods that do not rely on positive or negative 
selection for the detection of CTCs or other rare cells. 

Cellular properties and characteristics leveraged for CTC isolation and detection
Both positive and negative selection strategies rely on differing properties and characteristics 
of WBCs and CTCs within the blood. These can be grouped into three main categories: 
physical properties, biological markers, and functional properties.

Figure 1. Detecting a CTC is analogous to figuratively looking for a needle in a haystack.
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Physical properties
Can help distinguish CTCs from normal WBCs, these permit CTC isolation without 
biomarker labeling (Figure 2A).

Biological markers
Can help distinguish CTCs from normal WBCs and can be used to identify cells selected 
by other methods.

Functional properties
Can be used for downstream characterization of isolated CTCs.
 
Physical properties used for CTC isolation
Size exclusion
Size-based separation of CTCs relies on the fundamental assumption that epithelial-derived 
cancer cells are larger than other normal constituent cells of the blood (Figure 2B). This 
assumption, however, is based in large part from the measurement of cell lines in culture 
and not data on the size of actual CTCs in human circulation. Looking at data from The 
National Cancer Institute (NCI) 60 human tumor cell line anticancer drug discovery project, 
tumor cells have an average diameter of 15.6 μm (± 2.4), compared to WBCs with a range 
of diameters of 7-15 μm [20, 21] (Figure 2B and 2E). The pitfall, however, of using size-
exclusion as a strategy for CTC isolation is the fact that many CTCs in real patient samples 
are close to the size of circulating WBCs. In fact, small CTCs have been associated with 
worse disease status [22]. Technologies for PCa CTC isolation that rely on size exclusion 
appear to lose anywhere from 20-50% of CTCs [23]. Kim et al. demonstrated a potential 
means of overcoming this issue utilizing a technology based on the selective size 
amplifications (SSA) of CTCs while using a multi-obstacle architecture (MOA) filter to 
improve both recovery rate and purity [24]. The SSA was performed by labeling CTCs with 
anti-EpCAM-conjugated 3 μm microbeads as a means of artificially enlarging CTC diameter, 
resulting in a much higher recovery and purity compared to normal size-based separation. 

Deformability
Another physical property that has been investigated for CTC isolation is deformability. 
Previous studies have demonstrated that metastatic cells (from both cell lines, as well as 
from body fluids) are often more deformable than cells of lower aggressive potential [25-
27]. A recent study of Bagnall et al. compared the deformability of CTCs to that of normal 
blood cells [28]. They measured the deformability by the length of the time required for 
both cell types to pass through a microfluidic device. Their study demonstrated that 
differences in deformability between WBCs and cancer cells are greater than changes 
between cancer cells of differing levels of aggression. These data suggest that differential 
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deformability could be used to separate cancer cells from WBCs. Despite this evidence, 
CTCs from a subset of metastatic prostate cancer patients in the same study were more 
mechanically similar to blood cells/leukocytes than to typical tumor cell lines. 
An example of a technology that uses both size exclusion and deformability to capture and 

Figure 2. Physical properties can distinguish CTCs from peripheral blood cells.
(A) List of prominent methods that leverage physical properties for CTC isolation. (B) Schematic demonstrating 
size exclusion for depletion of white blood cells. (C) Schematic demonstrating CTC enrichment using density 
medium centrifugation. (D) Literature derived density ranges for major components of blood. Red: red blood 
cells; Gray: white blood cells; Blue: platelets. (E) Suspended cell diameter range (μm) of NCI-60 cell Llines, average 
diameter: 15.6 μm. Vertical dashed lines indicate the range of reported WBC diameter. The vertical red lines 
denote the range of reported RBC diameter.
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characterize CTCs has been developed by Celsee Diagnostics [29, 30]. This system contains 
a parallel network of fluidic channels with 56,320 capture chambers. Larger cancer cells are 
trapped and isolated in the chamber, whereas smaller blood cells, such as red blood cells 
(RBCs) and most of the WBCs, escape. A pitfall of this method is the chance of losing small 
sized CTCs. The system facilitates rapid capture of CTCs in the microchannel device and 
can also be used for downstream characterization of the captured cells by 
immunocytochemistry as well as DNA and RNA fluorescence in-situ hybridization (FISH). 
A benefit of this system is that it captures cells without labeling, so it is possible to use a 
variety of antibodies to further characterize captured cells. In a comparative study with the 
CellSearch system, CTC counts were significantly higher using the CelSee system 
demonstrating greater sensitivity for CTC detection [30].

Density
For the density ranges between 1.1020 – 1.1040 g/mL there is separation of most WBCs 
and CTCs from anucleated cells (platelets and RBCs; Figure 2C-D). A major limitation of 
this type of enrichment strategy is that very small CTCs may be as dense, or even denser, 
than RBCs and could be lost with low-density separation media. There is emerging evidence 
to suggest that these small cells are of an aggressive phenotype [22]. 

Surface charge
Differences in surface charge and polarizability enables the isolation of minimally modified 
CTCs for future analysis. This method relies on the assumption that cancer cells have a 
more negative surface charge, or zeta-potential, compared to WBCs. A pitfall of this 
method of CTC isolation is that there is an overlap in the zeta-potential distribution, 
leading to WBC contamination in CTC-enriched samples. A prominent example of a CTC 
technology that allows for the isolation of CTCs on the basis of surface charge is the 
ApoStream device (ApoCell, Houston, TX) [31]. Poklepovic et al. demonstrated that in 
patients with metastatic PCa this system could isolate a greater number of CTCs compared 
to the CellSearch system [32].

Positive selection strategy: enrichment methods with cell surface biomarkers
Isolation of CTCs using enrichment methods may rely on physical properties and/or cell 
surface markers. Commonly, the epithelial cell surface antigen EpCAM is used to enrich 
for epithelial CTCs. CTCs can also be positively enriched for using an anti-mesenchymal 
antibody, e.g. N-cadherin. 

Magnetic bead antigen selection for Epithelial Lineage markers
A frequently used method for CTC enrichment with epithelial lineage markers is magnetic 
bead separation, where antibody-labeled ferroparticles capture CTCs in a magnetic field 
(Figure 3B).

201757 proefschrift_Emma van der Toorn.indd   33 04-04-18   08:52



PART I   CHAPTER 2

34

CellSearch
The most widely used magnetic-bead based selection assay for CTC detection is the 
CellSearch system [12, 13, 33].  With this test, putative CTCs are positively selected on the 
basis of EpCAM expression and enumerated based on positivity for cytokeratins and lack 
of the WBC marker CD45 [34]. Using the CellSearch system, de Bono et al. demonstrated 
that patients with metastatic castration resistant prostate cancer who had fewer than 5 CTCs 
had a better overall survival than patients with 5 or greater cells (21.7 vs 11.5 months) [12]. 
Furthermore, receiver operating curve analysis showed CTC count to be more predictive 
of overall survival than PSA reduction up to 20 weeks after initiation of therapy. A major 
pitfall of this system is that CTC populations are largely heterogeneous and some CTCs do 
not express EpCAM. Another limitation of this system is that captured CTCs lose their 
viability after fixation, so it is not possible to culture the collected cells or use them in 
functional studies [35].

Figure 3. Biological markers can distinguish CTCs from peripheral blood cells.
(A) List of commonly used biological markers to isolate and validate CTCs
(B) Illustration of magnetic bead antigen positive selection 
(C) Illustration of magnetic bead antigen negative selection
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AdnaTest
Another CTC detection method that relies on positive selection is the AdnaTest [36]. This 
test combines immunomagnetic enrichment of epithelial cells by using antibodies against 
EpCAM with a polymerase chain reaction for disease specific transcripts. For PCa, the test 
includes primers for prostate-specific antigen (PSA), prostate-specific membrane antigen 
(PSMA) and the epidermal growth factor receptor (EGFR). If one or more of these 
transcripts are detected, the sample is said to be positive for CTCs [36].
 
This test has been modified to detect the androgen-receptor splice variant V7 (AR-V7) in 
samples enriched for CTCs from patients with metastatic castration resistant PCa [37]. The 
androgen-receptor isoform encoded by splice variant 7 lacks the ligand-binding domain 
but remains constitutively active as a transcription factor. Presence of the AR-V7 splice 
variant leads to overexpression of AR-regulated genes [38]. Antonarakis and coworkers 
found that the presence of AR-V7 positive CTCs is highly associated with worse cancer 
outcomes and resistance to abiraterone and enzalutamide [37]. The authors concluded that 
patients with AR-V7 positive CTCs would benefit from non-AR targeted therapy. This has 
since been corroborated by Onstenk et al. who showed that response to cabazitaxel, a taxane 
chemotherapeutic agent, seems to be independent of the AR-V7 status of CTCs [39].   

Non-magnetic antigen selection for epithelial lineage markers
An alternative way to positively select CTCs on the basis of cell surface markers is with the 
use of microfluidic devices. There are many reports of microfluidic devices across a wide 
variety of cancers [40-42].

One notable example is the ‘CTC-Chip’, which consists of 78,000 microposts coated with 
antibodies against EpCAM. As the blood flows through the microfluidic chip, EpCAM-
expressing CTCs are captured as they come into contact with the microposts [43]. A new 
generation of the CTC-Chip has been described which contains microfluidic channels in 
a herringbone pattern [44, 45]. This pattern of microgrooves induces the formation of 
microvortices, increasing the contact time between the anti-EpCAM antibody coated walls 
of the channel and the cancer cells. Captured CTCs are then stained, imaged, and directly 
analyzed on the device. An advantage of these chips is the fact that many different CTC 
specific antigens can be used for cell capture. 
 
Negative selection strategy: depletion methods with cell surface biomarkers
An alternative method for the enrichment of CTCs is the depletion of WBCs using antibodies 
against biomarkers such as CD45 and/or CD66b (Figure 3C). One pitfall of this strategy is 
that not all nucleated cells in the circulation are positive for CD45/CD66b. For example, 
endothelial cells are present in the blood of healthy persons and are CD45 negative [46].  
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Perhaps an even more significant limitation of negative selection is the high risk of CTC 
loss due to non-specific bulk effect (i.e. the loss of rare CTCs caught in massive movement 
of concentrated WBCs). 

A common method for WBC depletion is with the use of CD45 antibodies bound to 
magnetic beads. One example of this is the EasySep Depletion Kit from StemCell 
Technologies (Vancouver, Canada). With this kit, WBCs are depleted after placing the 
sample in a magnetic field [46]. Similar kits are also available from Miltenyi Biotec (Bergisch 
Gladbach, Germany) and ThermoFisher Scientific (Waltham, Massachusetts) [47, 48].

Methods for WBC depletion are not solely limited to immunomagnetic selection. One 
notable example is the RosetteSep method from StemCell Technologies (Vancouver, 
Canada) [49]. This technique combines density gradient separation with an antibody-
mediated enrichment step. Enrichment is done through negative selection and unwanted 
cells are targeted for depletion with tetrameric antibody complexes, recognizing CD45 and 
CD66b on WBCs, and glycophorin A on RBCs. After density gradient centrifugation, the 
CD45/CD66b positive cells accumulate in the lower compartment and the CD45/CD66b-
negative mononuclear cells and CTCs are present as an enriched population at the interface 
between the plasma and the density medium [50, 51].

Selection-free strategy: high-throughput imaging and bulk methods for CTC detection
It is now understood that CTCs can express EpCAM at varying levels [52-55]. This includes 
both cells with an epithelial and mesenchymal phenotype. This has led to the development 
of selection-free techniques for CTC identification. These methods include flow cytometry, 
high-throughput microscopy, and reverse transcription polymerase chain reaction (RT-
PCR). The advantage of these methods is that there is no loss of CTCs by a selection step. 
However, there are limitations to these methods including the reliance on imperfect 
biological markers to differentiate CTCs from normal WBCs.

Flow Cytometry
Flow cytometry was one of the first techniques used for the detection of CTCs in whole 
blood. A study of Gross et al. described a flow cytometric assay for the detection of rare 
cancer cells in blood and bone marrow by using multiple markers, each labeled by a 
different fluorophore [19]. Their approach was to stain the unwanted subpopulation with 
one exclusion color and to stain the cells of interest with one to three different colors. With 
this method, Gross and colleagues were able to detect as few as one cancer cell in 107 
nucleated blood cells [19]. A pitfall of flow cytometric methods is that cancer cells can 
easily settle and/or clump throughout the process [56]. Furthermore, flow cytometry 
requires cells to be constituted in a single cell suspension, destroying relevant biological 
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information associated with CTC clusters. Despite the processing throughput of high-
speed sorters, this rate is less than a few thousand cells per second. As experiments typically 
require very large numbers of isolated CTCs, even high-speed sorters need to run for long 
durations. This is not only time-consuming and expensive, but may also cause cell viability 
issues, because the cells sorted from such long runs may no longer be usable for further 
characterization [57]. 

High-throughput microscopy
Examples of assays that rely on high-throughput microscopy include immunofluorescence 
and DNA/RNA FISH.

An important premise underlying the shift toward selection-free methods and more 
specifically high-throughput microscopy, is that these techniques leave no cell behind. 
These technologies enable screening of tens to hundreds of millions of cells without the 
loss of CTCs by marker selection, resulting in high sensitivity assays.

An example of a selection-free technology utilizing high-throughput imaging is the Epic 
Sciences platform. After lysis of the red blood cells in a patient sample, nucleated cells are 
plated on positively-charged proprietary adhesion slides, subjected to immunofluorescence 
staining and analyzed by special fluorescent scanners [58]. These scanning instruments use 
fiber optic array scanning technology (FAST) that can locate occult tumor cells at a rate 
500 times faster than automatic digital microscopy (ADM), with comparable sensitivity 
and improved specificity. The exposure time is reduced by using a laser source for higher 
illumination levels. Another key innovation of this optical system is the exceptionally large 
field of view (50 x 2 mm) without a loss of collection efficiency. By collecting the fluorescence 
in an array of optical fibers that forms a wide collection aperture, the FAST cytometer has 
a 100-fold increase of view over ADM. A recent study demonstrated the analytical validity 
of this platform [59] and with it investigators have consistently observed a higher number 
of recovered CTCs relative to the CellSearch system [60]. 

Using the Epic platform, researchers at Memorial Sloan Kettering Cancer Center successfully 
detected CTCs in PCa patients with a neuroendocrine prostate cancer phenotype, an 
aggressive pathologic subtype associated with resistance to hormonal therapies [61-63]. 
Notably, in a direct comparison, the authors found that 6 of 13 patients with neuroendocrine 
or atypical castrate resistant PCa (CRPC) had fewer than 5 CTCs/7.5 mL of blood by 
CellSearch (5/13 had 0 cells by CellSearch) compared to Epic, where all neuroendocrine 
or atypical CRPC samples had CTCs (all ≥ 5 CTCs/7.5 mL) [61]. Recently, this same 
research group applied the Epic platform to test for androgen receptor variant 7 (AR-V7) 
in CTCs of men with metastatic CRPC [64]. Their data was largely consistent with that of 
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Antonarakis et al. [37] and demonstrated that men with AR-V7 positive CTCs had shorter 
radiographic progression-free survival and worse overall survival than men with AR-V7 
negative CTCs while treated with androgen receptor signaling inhibitors abiraterone and 
enzalutamide [64]. 

Similar to the platform developed by Epic Sciences, the Rarecyte CyteFinder system  
(Seattle, WA) is a novel selection-free high-throughput imaging system to detect CTCs 
[65-67]. This method also involves spreading nucleated cells on positively charged slides 
and subjects them to immunofluorescence staining. High-throughput imaging is then used 
to enumerate CTCs. This system also includes a retrieval device, known as the Cytepicker, 
that allows for the isolation of single cells that can then be used in downstream molecular 
assays [65]. Recent data demonstrated the feasibility of 6-color immunofluorescence 
staining, allowing for broader phenotypic analysis of identified cells [67]. 

Reverse transcription polymerase chain reaction (RT-PCR)
RT-PCR is a frequently used bulk method for CTC detection and characterization. Different 
studies suggest that the detection of CTCs with this method is more sensitive than 
immunohistochemistry [68, 69]. One limitation of current approaches using RT-PCR is 
that CTC number can only be estimated due to the fact that gene expression levels vary 
across CTCs [70, 71]. The recent advent of droplet digital PCR (ddPCR) represents an 
improvement in this technology in that it permits the detection and absolute quantification 
of low abundance targets in shorter times, without requiring large number of replicates 
[72-74]. ddPCR is based on water-oil emulsion droplet technology. A sample is fractionated 
into 20,000 droplets, and PCR amplification of the template molecules occurs in every 
individual droplet [74]. Compared to other available digital PCR systems, this technique 
has a smaller sample requirement, thereby reducing costs and preserving precious samples. 

Biological markers used for CTC detection
There is no consensus ‘best’ marker to define a CTC. An ideal CTC marker is expressed on 
every CTC, but not on the other cells in the blood sample (i.e. leukocytes, hematopoietic 
stem cells, endothelial cells, mesenchymal cells) and maintains expression throughout the 
progression of the disease (Figure 3A). Listed below are important marker categories.

Nuclear markers
A commonly used stain to denote the cell nucleus is DAPI (4’,6-diamidino-2-phenylindole), 
a fluorescent stain that binds to A-T rich regions in DNA. It can pass through an intact cell 
membrane, so it can be used to stain both live and fixed cells, but has a better staining pattern 
for fixed cells [75]. Another nuclear marker with a high affinity for DNA is DRAQ5. DRAQ5 
can stain both fixed and living cells, but has a higher capacity to rapidly enter living cells [76].
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Counterstain markers
A counterstain panel is used to demarcate cells other than CTCs, including RBCs, WBCs, 
endothelial cells and hematopoietic stem cells. An example of a RBC marker is glycophorin 
A. This marker, however, is infrequently used as RBCs are usually lysed or removes with density 
centrifugation during CTC isolation [77]. In terms of identifying WBCs, CD45 is the most 
commonly utilized marker. Other potentially useful markers include CD66b (an activation 
marker for human granulocytes), CD34 (a cell surface glycoprotein selectively expressed within 
the human hematopoietic system on stem and progenitor cells, and also in vascular endothelial 
cells),  CD11b and CD14 (both expressed on macrophages) [78-81]. A list of commonly used 
biomarkers against constituent non-CTC cells in blood is shown in Table 1.

Epithelial lineage markers
The two most often used epithelial markers are EpCAM and cytokeratins. They are used 
to differentiate cells of epithelial origin from hematopoietic cells. These markers form the 
basis of most CTC assays [34].

Disease specific markers
Ideally, tumor-specific markers are expressed in much higher levels in cancer cells compared 
with normal cells [82]. However, it has been shown that dedifferentiation and consequent 
loss of tissue specific markers occurs in the most aggressive cancers that would have CTCs 
[52]. In PCa, the identification of these markers has been problematic. Examples of potential 
prostate lineage makers include PSA, PSMA, PSAP, NKX3.1, and AR. 

Functional properties used for CTC confirmation
Once CTCs are isolated using technologies relying on physical properties and/or biological 
markers, further characterization using functional assays can be performed. Two notable 
in vitro assays have been described in this purpose. The first assay (Metastasis-Initiating-

Table 1. Commonly used counterstain surface antigens for non-CTC components of peripheral blood. 

Component of Peripheral Blood Cell Frequency ( x 106 cells/mL) Key Surface Biomarkers

Red blood cells 3800-6200 CD235a

Platelets 140-450 CD41, CD61, CD62

Lymphocytes 1.1-3.5 CD3, CD4, CD8, CD19, CD20, 
CD45, CD56

Granulocytes 3.9-6.5 CD11b, CD14, CD33, CD45, 
CD66b, CD163, CD206

Hematopoietic stem and 
progenitor cells

0.001-0.007 CD34, CD45

Endothelial cells - CD34, CD146
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Cells (MIC) assay) tests the ability of CTCs to invade and digest a fluorescently labeled cell 
adhesion matrix [83]. The second is the EPISPOT assay, which detects specific proteins 
secreted during the in vitro culture of CTCs [84]. Furthermore, important in vivo 
information can be achieved by xenotransplantation models, by which patient-derived 
CTCs are injected into immune-compromised mice, after which metastases develop [85].

Figure 4. Decision trees enable consensus definitions for CTC classification using current biomarkers.
(A) Decision tree for assigning a cell as a CTC, based on epithelial markers
(B) Decision tree for assigning a cell as a CTC, based on disease specific markers
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Current limitations of CTC detection based on antibody-based approaches
CTC technologies uniformly use biomarkers for the identification and enumeration of 
candidate CTCs. In the framework of the CellSearch system, the consensus biomarker set 
for defining a cell as a true CTC relies on nuclear, epithelial, and hematopoietic markers. 
To help visualize the biomarker criteria for defining a cell as a CTC under the CellSearch 
paradigm, we have produced a decision tree (Figure 4A).

Despite the clear benefit to immunological staining with epithelial biomarkers, several 
studies have shown lack of specificity and sensitivity when using EpCAM as a biological 
marker for CTC detection. Notably, EpCAM is non-specifically expressed on normal 
epithelial cells in the circulation, for example in patients with benign colon disease [86], 
and it may exhibit reduced expression or even be absent in cancer cells that have undergo 
an epithelial-to-mesenchymal transition (EMT). This may cause a false negative result [52]. 
Furthermore, EpCAM is expressed on M2 polarized macrophages, for example, a subset 
of immune cells associated with a cancer phenotype [87]. Some, but not all CTC assays rely 
on discarding the first volume of blood drawn to avoid skin epithelial contamination, 
thereby lowering the risk of false positives [88]. The data above demonstrates the low 
specificity of epithelial markers for CTC detection. Taken together, these data suggest the 
need for a disease-specific markers. 

Therefore, we propose a modified decision tree that extends the CellSearch assay to include 
a disease specific marker panel to confirm if a cell is a true CTC. Additionally, to decrease 
the CTC false discovery rate we propose utilizing an extended counterstain panel that 
includes CD45, CD66b, CD34, CD11b and CD14. The first two steps in the decision tree 
stay the same. Next, we suggest assaying for disease specific markers (e.g. PSA PSMA, PSAP, 
NKX3.1, and AR). If positive, the cell is likely a CTC. If negative, it could be for example a 
WBC or endothelial cell. Lastly, the cell is checked for the epithelial marker pan-cytokeratin. 
By using a panel of disease specific markers, the assay can avoid the heterogeneity of 
assessing patients at varying points in treatment and progression (Figure 4B) [89]. 

CONCLUSIONS

As CTCs often occur in very low concentrations, they are challenging to detect and 
characterize, analogous to figuratively looking for a needle in a haystack. In this review, we 
focus on the technical limitations and pitfalls of the most common CTC isolation and 
detection strategies. The presented framework aims to classify these CTC assays into 
different categories, based on positive selection, negative selection, and selection-free 
strategies. Most prominent CTC detection technologies rely on a combination of these 
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strategies, leveraging physical properties as well as biomarkers. Furthermore we aimed to 
emphasize the difficulties in correctly classifying CTCs using epithelial biomarkers. The 
use of multiple biomarkers is usually a requirement for rare cell detection. An ideal CTC 
marker is expressed on every CTC, but not on the other cells in the blood and maintains 
expression throughout the progression of the disease. With this in mind, the first step must 
be a uniform and clear definition of the criteria for assigning an object as a CTC, based on 
disease-specific biomarkers. All told, this work will be helpful to describe the high number 
of different assays in this important field of translational cancer research. 
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ABSTRACT

Introduction
The majority of work performed to date investigating circulating tumor cells (CTCs) as 
biomarkers of urothelial carcinoma (UC) has utilized the CellSearch test (Jansen 
Diagnostics, Raritan, NJ). One factor limiting the sensitivity of this assay is its reliance on 
positive selection of CTCs expressing the cell surface protein EpCAM. In this study, we 
used a novel selection-free method to enumerate and characterize CTCs in patients with 
UC across a range of stages. 

Materials and Methods
Blood samples from 38 patients (9 controls, 8 with non-muscle invasive bladder cancer 
[NMIBC], 12 with muscle-invasive bladder cancer [MIBC] and 9 with metastatic UC) were 
processed with the AccuCyte-CyteFinder system (RareCyte, Inc., Seattle, WA). Slides were 
stained for the white blood cell (WBC) markers CD45 and CD66b and the epithelial 
markers EpCAM and pan-cytokeratin (CK). CTCs were defined as any nucleated cells 
positive for CK but negative for the WBC markers. Separately, the more restrictive 
CellSearch definition was also applied, with the additional requirement of EpCAM 
positivity. The Kruskal-Wallis ANOVA test was used to compare CTC counts between 
cancer stage groups. 

Results
≥1 CTC was detected in 2/8 (25%) patients with NMIBC, 7/12 (58%) with MIBC, and 6/9 
(67%) with metastatic disease. No CTCs were found in any control. Comparing CTC counts 
between groups, the only statistically significant comparison was between controls and 
patients with metastatic UC (p=0.009). Using EpCAM positivity as a requirement for 
defining a CTC, no CTCs were detected in any patient with NMIBC, and only 2 (17%) 
patients with MIBC. CTCs tended to be larger in patients with metastatic UC. 

Conclusions
CTCs were detected in patients with UC at all disease stages and exhibited phenotypic 
diversity for cell size and EpCAM expression. EpCAM negative CTCs that would be missed 
with the CellSearch test were detected in patients with NMIBC and MIBC. 
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INTRODUCTION

Urothelial carcinoma (UC) of the bladder is a common urologic malignancy with an 
estimated 79,000 new cases diagnosed each year in the United States alone [1]. Despite 
considerable advances in the treatment of UC, metastatic disease remains incurable and 
each year nearly 17,000 patients will die as the result of this malignancy. Early detection of 
microscopic spread to identify patients who may benefit most from early cystectomy, 
adjuvant therapy, and/or multi-modal treatment remains an important goal of the field. 
Improved risk-stratification and early identification of disease progression are urgent 
priorities to avoid overtreatment and prolong cancer survival.
Circulating tumor cells (CTCs) are malignant cells that can be detected in the peripheral 
blood. These cells can serve as biomarkers in a number of contexts [2]. To date, the majority 
of work investigating CTCs as biomarkers of UC has utilized the CellSearch test from Jansen 

MICROABSTRACT

In bladder cancer, there is a need for biomarkers to better risk-stratify patients and 
select optimal therapies. Circulating tumor cells (CTCs) have great potential, but to 
date have only been studied with tests that cannot detect epithelial-marker negative 
CTCs. We show that CTCs are present at all cancer stages and exhibit phenotypic 
diversity for cell size and epithelial marker expression.

CLINICAL PRACTICE POINTS

• In bladder cancer, there is a need for biomarkers to better risk-stratify patients and 
select optimal therapies. 

• Bladder cancer circulating tumor cells (CTCs) have largely been studied with 
methods that rely on the epithelial marker EpCAM, and EpCAM negative CTCs 
have not been studied. 

• With a novel selection-free CTC detection assay, we show that CTCs are present at 
all bladder cancer stage groups and exhibit phenotypic diversity for cell size and 
epithelial marker expression.

• These findings have the potential to serve as the basis to identify patients with 
clinically hidden disease who may benefit from additional therapy, and to help avoid 
overtreatment harm for those with no evidence of residual disease.
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Diagnostics [3, 4]. Unfortunately, when this test has been applied to UC, there have been 
inconsistent and conflicting results [5-10].  More specifically, it has been reported that CTCs 
are present in patients with metastatic UC, but not those with earlier stages of the disease 
[4, 5]. In contrast, others have detected CTCs in patients with clinically-localized muscle 
invasive bladder cancer (MIBC) [6]. Still others have reported the presence of CTCs with 
the CellSearch test in patients with non-muscle invasive bladder cancer (NMIBC) [7, 8]. 
Furthermore, Guzzo et al have previously failed to demonstrate an association of CTC 
number with the presence of adverse pathologic features such as extravesical disease [6]. 
In contrast, others have shown that CTC detection is associated with risk of recurrence and 
shorter time to progression [7-10]. These discordant observations are likely due to the 
recently appreciated phenotypic diversity of CTCs and specifically the existence of epithelial-
marker negative CTCs [11,12].
Previously, CTCs were thought to all express the epithelial marker EpCAM, and the 
CellSearch test is limited by its requirement for positive selection of this molecule [9]. In 
the present report, we used the novel selection-free AccuCyte®—CyteFinder® system 
(RareCyte, Inc., City, State) to enumerate and characterize CTCs in patients with UC across 
a range of stages. This selection-free method is able to identify EpCAM negative as well as 
EpCAM positive CTCs. 

MATERIALS AND METHODS

Sample Collection
Following informed consent, peripheral blood was collected from 38 patients. This included 
9 controls, 8 with NMIBC, 12 with MIBC and 9 with metastatic UC. All blood was collected 
into RareCyte blood collection tubes (RareCyte Inc, Seattle, WA) and were processed within 
72 hours of collection. 

Blood Sample Processing
7.5mL of each blood sample was processed and transferred to 8 positively charged slides 
using the AccuCyte sample processing system per the manufacturer’s protocol. For one 
metastatic patient and one NMIBC patient, one of 8 slides was damaged during processing. 
Slides were stored at -20°C until staining. 

Sample Staining
On the day of staining, slides were fixed in 10% neutral buffered formalin (Sigma, St. Louis, 
MO) for 60 minutes at 25°C. Excess formalin was neutralized with two five-minute washes 
in Tris-buffered saline (Quality Biological Inc, Gaithersberg, MD) and deionized water for 
5 minutes. Slides were then processed for heat-induced antigen retrieval, which was 
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performed for 6 minutes at 75°C in a 1:10 dilution containing 10X Tris-HCl buffer (pH 10, 
Sigma-Aldrich, Oakville Canada) and deionized water. Prior to staining, slides were 
quenched in deionized water for 5 minutes. Staining was performed using a proprietary 
reagent kit developed by RareCyte which includes 4’,6-diamidino-2-phenylindole (DAPI; 
nuclear stain); anti-pan-cytokeratin (PanCK; epithelial marker), anti-CD66b/CD45 
(counterstain channel), and anti-EpCAM (epithelial marker). Slides were stained according 
to manufacturer’s protocol. Stained slides were mounted with Fluoromount aqueous 
mounting medium (Sigma, City, State) and allowed to dry overnight at 25°C.

Slide Scanning
Stained slides were scanned on the CyteFinder® high-throughput microscopy system with 
the following exposure times: DAPI – 0.020 sec; PanCK – 0.025 sec; CD45/CD66b – 0.050 
sec; EpCAM – 0.100 sec. Candidate CTCs were identified from top ranked cells by one of 
three trained technicians (HC, ET, SG) and equivocal cases were collaboratively reviewed 
by ≥2 technicians. Per the manufacturer’s protocol, the inclusive definition for epithelial 
CTCs required cells to have a DAPI-positive nucleus with a diameter ≥4 µm, exhibited 
cytokeratin or EpCAM staining surrounding ≥50% of the nucleus, and lacked staining in 
the counterstain channel (CD45/CD66b). The more restrictive CellSearch definition 
similarly required a DAPI-positive nucleus with a diameter ≥4 µm and a lack of staining 
in the counterstain channel, but notably both EpCAM and CK staining were required, again 
with the requirement of surrounding ≥50% of the nucleus. 

Machine Upgrade
During the course of this study, the CyteFinder® imaging system was upgraded from a 4 to 
6-color capable machine (involving slight changes to the wavelength of the filters) with no 
expected impact on sample analysis. Additionally, the white blood cell (WBC) markers 
CD11b, CD14, and CD34 were added to the existing counterstain channel of CD45/CD66b 
as a global system change that improved specificity. 4/9 (44%) controls, 0/8 (0%) NMIBC, 
1/12 (8%) MIBC, and 1/9 (11%) metastatic patients were stained with the upgraded system.

Data Analysis
The Kruskal-Wallis ANOVA test was used to compare CTC counts between cancer stage 
groups (GraphPad Prism version 7.00 for Mac, GraphPad Software, La Jolla California 
USA). The Mann-Whitney U Test was used to compare cell area and perimeter for metastatic 
versus non-metastatic patient CTCs.
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RESULTS

CTC detection
With the more inclusive RareCyte definition, ≥1 CTC was detected in 2/8 (25%) patients 
with NMIBC, 7/12 (58%) with MIBC, and 6/9 (67%) with metastatic disease. No CTCs 
were found in any control (Figure 1A). With the more restrictive CellSearch definition, no 
CTCs were detected in any patient with NMIBC, and only 2 (17%) patients with MIBC 
(Figure 1B). Consistent with data obtained using the RareCyte definition, 6/9 (67%) of the 
metastatic patients had CTCs (Fig1B).

CTC enumeration
With the RareCyte definition, the median (range) number of CTCs per 7.5 mL of peripheral 
blood was 0 (0-0) for controls, 0 (0-3) for NMIBC patients, 1 (0-4) for MIBC patients, and 
1 (0-14) for metastatic patients. Comparing CTC counts between groups, the only 
statistically significant comparison was between controls and patients with metastatic UC 
(p=0.009, Figure 1A). With the CellSearch definition, the median (range) number of CTCs 
per 7.5 mL of peripheral blood was 0 (0-0) for controls, 0 (0-0) for NMIBC patients, 0 (0-
1) for MIBC patients, and 1 (0-12) for metastatic patients. Again, comparing CTC counts 
between groups, the only statistically significant comparison was between controls and 
patients with metastatic UC (p=0.002, Figure 1B).

Phenotypic Diversity
Compared to patients with localized disease, we observed that patients with metastatic UC 
tended to have larger CTCs. Cell size was measurable for 41/44 (93.2%) CTCs, including 
24 metastatic and 17 non-metastatic CTCs. Median (IQR) cell area was 130 (74-207) µm2 

Figure 1. CTC counts by cancer stage group in patients with urothelial carcinoma using (A) inclusive RareCyte 
definition (CK+/EpCAM+/-) and (B) the exclusive CellSearch definition (CK+/EpCAM+).  
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for CTCs found in metastatic patients and 49 (34-59) µm2 for CTCs found in non-metastatic 
patients (p<0.0001). Median (IQR) cell perimeter was 46 (34-60) µm2 for CTCs found in 
metastatic patients and 26 (23-29) µm2 for CTCs found in non-metastatic patients 
(p<0.0001). Figure 2 displays an example of a large CTC (Figure 2A), an EpCAM positive 
CTC (Figure 2B), and an EpCAM negative CTC (Figure 2C). Four instances of actively 
dividing CTCs were observed in two patients with metastatic UC.

DISCUSSION

UC of the bladder is one of the most devastating urologic malignancies, with morbid 
surgery as its standard of care after muscle invasion and limited survival in cases of advanced 
disease [13-16]. With adequate study, CTCs may represent an opportunity to improve 
patient outcomes via enhanced risk stratification and early recognition of disease 
progression. In the present report, we used the novel selection-free AccuCyte®—CyteFinder® 
Finder system from Rarecyte to enumerate and characterize CTCs in patients with UC 
across a range of stages. This selection-free method is able to identify both EpCAM positive 
as well as EpCAM negative CTCs. With this novel method, CTCs were detected at all UC 
stages and exhibited phenotypic diversity for cell size and EpCAM expression. Notably, 
EpCAM negative CTCs that would be missed with the CellSearch test were detected in 
patients with NMIBC and MIBC. 

Figure 2. Representative images of urothelial carcinoma CTC subtypes. (A) Large CTC (CK+, CD45/CD66b-, 
EpCAM+), (B) EpCAM negative CTC (CK+, CD45/CD66b-, EpCAM-), (C) EpCAM positive CTC (CK+, CD45/CD66b-, 
EpCAM+).
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New discoveries within the CTC field have highlighted the previously unrecognized 
complexity of CTCs [11, 12]. It is now well-understood that the physical properties of 
cancer cells such as cell size may overlap with the characteristics of white blood cells in the 
peripheral circulation, which supports the use of cell surface markers to enrich for cancer 
cells [2]. Unfortunately, the existence of epithelial marker negative CTCs calls these 
selection-based enrichment methods into question. Indeed, much of the published work 
on CTCs in patients with UC has been performed using the CellSearch method [5-10]. 
These reports conflict in regards to which stages of bladder cancer have detectable CTCs 
as well as the prognostic value of CTCs [5-10]. Notably, Anantharman et al successfully 
used another selection-free CTC assay (Epic Sciences, San Diego, CA) to demonstrate the 
presence of CK negative CTCs in patients with both muscle-invasive and metastatic UC 
[17]. In the present report, we demonstrate epithelial marker negative CTCs in patients 
with NMIBC, MIBC and metastatic UC.
This study had several limitations worthy of mention. First, given the short follow up and 
small sample size, it was not powered to appropriately investigate the relationship of CTC 
count with oncologic outcomes or pathologic upgrading at the time of radical cystectomy. 
Ongoing study is underway to assess these endpoints. Second, as noted in the methods 
section, the CyteFinder imaging system was upgraded during the course of the study. 
Whereas the changes were not anticipated to have an effect on any observations we still 
feel it is worthy of mention. Finally, it should be noted that not all samples were reviewed 
by the same reviewer. Rather, individual samples were reviewed by 1 of 3 separate 
investigators. However, all three researchers were equally trained with the standard 
definitions to identify CTCs, and any cell whose designation was not overwhelmingly 
obvious was flagged and collaboratively re-reviewed. Further, this methodology increases 
the generalizability of this assay to the clinical setting, where multiple trained individuals 
will be required to interpret the staining results across different centers.
In conclusion, CTCs were detected at all UC stages and exhibited phenotypic diversity for 
cell size and EpCAM expression. A selection-free detection method with the capability of 
recognizing EpCAM negative CTCs is essential to the study of urothelial cancer CTCs. 
Future investigation is underway to evaluate the prognostic utility of this assay for pathologic 
upgrading at radical cystectomy, response to neoadjuvant chemotherapy, and cancer specific 
survival.
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ABSTRACT

In advanced prostate cancer, there is a need for biomarkers to monitor response to therapy 
and determine prognosis. Current tests for circulating tumor cells (CTCs) rely on epithelial 
markers with limited sensitivity and specificity. We showed that the staining pattern of 
nucleolin, a protein associated with proliferative cells, aids in the classification of prostate 
cancer CTCs.

Introduction
Circulating tumor cells (CTCs) have great potential as circulating biomarkers for solid 
malignancies. Currently available assays for CTC detection rely on epithelial markers with 
somewhat limited sensitivity and specificity. We found that the staining pattern of nucleolin, 
a common nucleolar protein in proliferative cells, separates CTCs from white blood cells 
(WBCs) in men with metastatic prostate cancer. 

Materials and Methods
Whole peripheral blood from 3 men with metastatic prostate cancer was processed with 
the AccuCyte CTC system (RareCyte, Seattle, WA). Slides were immunostained with 
4’,6-diamidino-2-phenylindole (DAPI), anti-pan-cytokeratin, anti-CD45/CD66b/CD11b/
CD14/CD34, and anti-nucleolin antibodies and detected using the CyteFinder system. 
DAPI nucleolin colocalization and staining pattern wavelet entropy were measured with 
novel image analysis software. 

Results
A total of 33,718 DAPI-positive cells were analyzed with the novel imaging software, of 
which 45 (0.13%) were known CTCs based on the established AccuCyte system criteria. 
Nucleolin staining pattern for segmentable CTCs demonstrated greater wavelet entropy 
than that of WBCs (median wavelet entropy: 6.86 x 107 and 3.03 x 106, respectively; P = 
2.92 x 10-22; approximated z statistic = 9.63). Additionally, the total nucleolin staining of 
CTCs was greater than that of WBCs (median total pixel intensity, 1.20 x 105 and 2.55 x 
104 integrated pixel units, respectively; P = 2.40 x 10-21; approximated z statistic = 9.41). 

Conclusions
Prostate cancer CTCs displayed unique nucleolin expression and localization compared to 
WBCs. This finding has the potential to serve as the basis for a sensitive and specific CTC 
detection method. 
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INTRODUCTION

Cancer cells that have entered the circulation of patients with solid cancers are called 
circulating tumor cells (CTCs). Because they are believed to represent a snapshot of the 
metastatic cascade, many studies have focused on CTC enumeration as a biomarker of 
metastatic disease (1-4). Additionally, as a result of the repeatability and ease of blood sample 
collection, CTC analysis is viewed as reference standard of biomarkers to monitor response 
to therapy (5-8). Despite the obvious clinical utility of CTC-based biomarkers, there are a 
number of technical challenges limiting the applicability of CTCs in clinical practice, most 
notably the rarity of CTCs in peripheral blood, where they circulate at a concentration on 
the order of ~1 CTC per 107 white blood cells (WBCs) (9). To overcome the low abundance 
of CTCs in blood, many technologies have been developed to enrich CTCs from whole blood 
(10-16). These selection-based assays often employ immunomagnetic enrichment of CTCs 
using epithelial cell surface markers, namely EpCAM (14, 17, 18). The most prominent 
example of EpCAM-based CTC isolation is the CellSearch System (Janssen Diagnostics, 
Raritan, NJ), which is cleared by the US Food and Drug Administration for assessing 
prognosis in metastatic breast, prostate, and colorectal cancer patients (18). Despite the 
successes of EpCAM-based CTC enrichment systems, data demonstrate that EpCAM 
expression is not limited to CTCs and that EpCAM may be expressed on cells of hematopoietic 
lineage (19-22). Furthermore, as cancer cells develop a more aggressive phenotype (e.g. after 
multiple lines of therapy), they tend to decrease expression of epithelial markers and may 
increase mesenchymal and stem-cell-like markers (23-26). 
To overcome the issues associated with the use of biomarkers for CTC isolation, selection-
free methods for CTC detection utilizing high-throughput microscopy have been developed. 
Two prominent examples include the Epic Sciences system (Epic Sciences, San Diego, CA) 
and the AccuCyte and CyteFinder system (Rarecyte, Seattle, WA) (27, 28). Despite the 
advantages of these selection-free systems, these technologies still rely on biomarkers to 
detect and validate candidate CTCs. The reliance on specific biomarkers for CTC detection 
renders the systems only as sensitive and specific as the biomarkers used for detection. 
Standard markers used for high-throughput microscopy-based CTC detection systems 
include a nuclear marker, a counterstain marker (usually CD45; for denoting WBCs), and 
one or several epithelial markers including cytokeratins (hereafter pan-cytokeratin or 
PanCK) and EpCAM (29). To improve the diagnostic accuracy of these assays, there is a 
need for additional markers with which to positively identify candidate CTCs. 
Nucleolin is a highly expressed nucleolar protein involved in ribosome maturation and 
gene expression with the ability to redistribute across cellular compartments (30, 31). 
Though the Gleason grading system for prostate cancer relies on cellular architecture, it is 
an outlier in that the majority of pathologic cancer grading systems depend on nuclear and 
nucleolar appearance (32, 33). For example, the International Society of Urological 
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Pathology recommends a nucleolar grade for clear cell and papillary renal-cell carcinoma 
(33). Furthermore, it has been shown that nucleolin expression level and intracellular 
localization can be used to identify cancer cells in several settings such as non-small-cell 
lung cancer, ependyoma, and cervical squamous-cell carcinoma (34-36). Accordingly, 
nucleolin has also been implicated in the processes of lymphangiogenesis and microtubule 
stabilization (31, 37). In the present report, we investigated the utility of nucleolin as a 
biomarker of CTCs. We report that quantitation of this biomarker may improve confidence 
in CTC identification in men with metastatic prostate cancer.

PATIENTS AND METHODS

Sample Collection
Peripheral blood from 3 men with metastatic prostate cancer was drawn into Rarecyte 
blood collection tubes (Rarecyte Inc, Seattle, WA) and processed within 72 hours of 
collection. Two of the 3 men had bone metastasis, none had brain metastasis, and they 
received a variety of therapies. (All men received androgen deprivation therapy, 2 patients 
received abiraterone, and 1 patient was also treated with docetaxel, cabazitaxel, platinum-
based chemotherapy, doxorubicin, and nivolumab). Blood specimens were collected under 
a protocol approved by the Johns Hopkins Medicine Institutional Review Boards.

Blood Sample Processing
Blood samples were transferred to positively charged slides using the Rarecyte AccuCyte 
and CyteSealer systems per the manufacturer’s protocol. Slides were stored at -20°C until 
staining. 

Sample Staining
On the day of staining, slides were fixed in 10% neutral buffered formalin (Sigma-Aldrich, 
St. Louis, MO) for 60 minutes at 25°C. Excess formalin was neutralized with two 5-minute 
washes in Tris-buffered saline (Quality Biological, Gaithersberg, MD). Staining was 
performed using a proprietary custom reagent kit developed by RareCyte, which includes 
4’,6-diamidino-2-phenylindole (DAPI; nuclear stain); anti-panCK (epithelial marker), and 
anti-CD45/CD66b (counterstain channel).  This was modified to include a rabbit anti-
nucleolin polyclonal antibody (Abcam, Cambridge, MA; rabbit polyclonal, 1:200) as well 
as the following additional phycoerythrin-labeled counterstain markers: anti-CD14-PE 
(Biolegend, San Diego, CA; clone M5E2, 1:200), anti-CD34-PE (Biolegend; clone 581, 
1:200,), and anti-CD11b-PE (Biolegend; clone M1/70, 1:200). Slides were otherwise stained 
according to manufacturer’s protocol. Stained slides were mounted with Fluoromount 
aqueous mounting medium (Sigma-Aldrich) and allowed to dry overnight at 25°C.
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Slide Scanning
Stained slides were scanned on the RareCyte CyteFinder high-throughput microscopy 
system with system ranking derived from “OR” logic of cytokeratin or nucleolin positivity. 
Candidate CTCs were identified from top-ranked cells by a single trained technician and 
reimaged with a high-magnification objective (400X total magnification) with the following 
exposure times: DAPI, 0.008 seconds; PanCK, 0.100 seconds; CD45/CD66b/CD11b/CD14/
CD34 (counterstain channel), 0.100 seconds; and nucleolin, 0.100 sec. Per the established 
AccuCyte protocol, prostate CTCs were identified as cells that had a DAPI-positive nucleus 
with a diameter ≥4 µm, exhibited cytokeratin staining covering or surrounding ≥50% of 
the nucleus, and lacked staining in the counterstain channel (CD45/CD66b/CD11b/CD14/
CD34), with all final calls made by a human researcher. Notably, nucleolin staining was not 
used as a criterion to identify CTCs. WBCs were identified as cells with a DAPI-positive 
nucleus with positive surface staining in the counterstain channel. Images were saved as 
16-bit multichannel TIFF files. 

Image Pre-Processing
Multichannel TIFF files were split and saved with greyscale JPEG encoding (8-bit images) 
using FIJI software (38). 

CTC Image Analysis
Split-channel images were processed with a graphical program written with MATLAB 
R2016a with the Image Processing Toolbox and Wavelet Toolbox (Mathworks, Natick, MA). 
DAPI grayscale images were loaded and segmented using a modified watershed algorithm. 
Region properties of segmented DAPI objects were used to define potential cells. Nucleolin 
staining within each DAPI mask was computed. Last, disorder of the nucleolin staining 
pattern within each DAPI mask was assessed by calculating Shannon wavelet entropy of 
each 2-dimensional nuclear image (39).

Data Analysis
Extracted image data was analyzed and plotted using the Statistics Toolbox in MATLAB 
R2016a (Mathworks). P values were computed using 1-tailed non-parametric Mann-
Whitney U/Wilcoxon rank sum tests. Tests were considered significant at a threshold level 
of 0.001. Effect size was calculated using Cohen’s d (40).

RESULTS

CTC counts
A total of 33,718 DAPI-positive cells were analyzed using our novel imaging software, of 
which 33,673 (99.87%) were WBCs and 45 (0.13%) were identified as CTCs based on the 
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established AccuCyte system criteria. Patient 1 had 12 CTCs, patient 2 had 26 CTCs, and 
patient 3 had 7 CTCs, for a total of 45 CTCs. Thirty-six CTCs (80%) were segmentable, 
meaning that the DAPI nuclear mask cleanly outlined only the nucleus of the candidate 
CTC (9, 22, and 5 CTCs were segmentable for patients 1, 2 and 3, respectively). 
Nonsegmentable nuclei exhibit overlying WBC that made image analysis inaccurate. Nine 
total fields containing 9 CTCs were excluded from further analysis. A representative split-
channel CTC image is shown in Figure 1A. A split-channel image containing a CTC that 
failed the segmentation algorithm is shown in Figure 1B.

Total Nucleolin Staining & Wavelet Entropy
For CTCs, the median total nucleolin staining per DAPI nucleus was measured as 1.20 x 
105 integrated pixel intensity units, and for WBCs, the corresponding value was 2.55 x 104 

integrated pixel units (P = 2.40 x 10-21; approximated z statistic = 9.41) (Figure 2). 
Additionally, the nucleolin staining pattern for CTCs demonstrated significantly greater 
wavelet entropy than that of WBCs (median 6.86 x 107 and 3.03 x 106, respectively; P = 2.92 
x 10-22; approximated  z statistic = 9.63; Figure 3). When broken down by patient, median 
nucleolin intensity and wavelet entropy were greater for CTCs than WBCs for all patients. 
Calculated effect size was considered huge for both nucleolin intensity (Cohen’s d = 4.01) 
and nucleolin wavelet entropy (Cohen’s d = 8.93). 

Figure 1. Merge and split-channel images of representative segmentable and non-segmentable cells. (A) 
Segmentable cell (B) Non-segmentable cell with other WBC nuclei overlapping the CTC nucleus. DAPI - 
4’,6-diamidino-2-phenylindole; PanCK - Pan-cytokeratins (PanCK); WBC - CD45/CD66b/CD11b/CD14/CD34 
(counterstain channel).
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DISCUSSION

Given the potential value of CTC-based blood tests and the rarity of intact CTCs in 
peripheral blood, there is a present need to improve the sensitivity and specificity of CTC 
detection (29). Existing assays rely predominantly on epithelial markers such as EpCAM, 
and cytokeratins lack the specificity to confidently detect prostate CTCs with a low false-
positive rate (14, 17, 18). Thus, there exists an urgent need for biomarkers for validating 
candidate CTCs.

Figure 2. Box plot of integrated nucleolin 
intensity for WBCs versus CTCs.

Figure 3. Box plot of nucleolin wavelet entropy 
for WBCs versus CTCs
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In the present report, we investigated the expression level and pattern of nucleolin in WBCs 
and CTCs of men with clinically metastatic prostate cancer.  We found that prostate CTCs 
as a population have an increased level of total nucleolin expression as compared to WBCs 
(Figure 2). Additionally, we found that there was a distinct nucleolin staining pattern in 
CTCs as measured by Shannon wavelet entropy (Figure 3). To date, nucleolin has been 
described briefly with respect to CTC isolation (41). However, the quantitative use of 
nucleolin staining pattern as a tool to aid in the identification of CTCs has not been 
previously reported.
Wavelet entropy of the nucleolin stain within the DAPI-nucleus was used in this study as 
a measurement of the disorder of nucleolin localization within the nucleus. This is an 
interesting finding in and of itself, as it suggests that the chromosomal disorder in the cancer 
cell nucleus is mirrored at least in part by disorder in nucleolin, a major protein involved 
in nucleolar and nuclear organization (30, 31). Aberrant localization of nucleolin in the 
other cellular compartments has been reported previously, underscoring the validity of 
using staining pattern as a marker of malignant cells (30, 34).
There are several limitations of the current report. Most notably, although nucleolin staining 
was used to rank CTCs in addition to CK using “OR” logic, the final CTC determination 
was based on the AccuCyte system definition, which is dependent on epithelial markers. 
Thus an imperative next step is validation of nucleolin as a CTC identifier using disease-
specific markers.  In addition, although many cells were analyzed, only 3 patients made up 
the sample cohort. Future study would ideally validate these findings in larger numbers of 
patients and would include genetic confirmation of CTCs via single cell analysis. Last, the 
imaging processing work flow utilized down-sampling from 16-bit to 8-bit images to 
improve computational performance and decrease file size. Yet even though this step 
inherently loses information, we were still able to observe very large effect sizes as calculated 
by Cohen’s d. We expect that similar processing with higher bit-depth images would only 
improve the separation we see between WBCs and CTCs.

In conclusion, we report on the novel finding that the staining pattern of nucleolin and 
nucleolin expression level has potential as a generic cancer cell marker. Given that the 
current limitations in CTC detection arise in part as a result of epithelial markers to denote 
cancer cells, nucleolin as an alternative or supplemental cancer cell marker has the potential 
to greatly advance the field. 
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Critical Practice Points
• In advanced prostate cancer, there is a need for biomarkers to monitor response to 

therapy and determine prognosis.
• Current tests for CTCs rely on epithelial markers with somewhat limited sensitivity and 

specificity.
• We found that the staining pattern of nucleolin, a protein associated with proliferative 

cells, aids in the classification of prostate cancer CTCs.
• CTCs have a unique nucleolin expression and localization pattern that is significantly 

different than that of WBCs. This finding has the potential to serve as the basis for a 
specific CTC detection methods.

201757 proefschrift_Emma van der Toorn.indd   67 04-04-18   08:52



PART I   CHAPTER 4

68

REFERENCES
1. Lianidou ES, Strati A, Markou A. Circulating tumor cells as promising novel biomarkers in solid cancers. Crit Rev Clin Lab 

Sci. 2014;51(3):160-71.
2. Cristofanilli M, Budd GT, Ellis MJ, Stopeck A, Matera J, Miller MC, et al. Circulating tumor cells, disease progression, and 

survival in metastatic breast cancer. N Engl J Med. 2004;351(8):781-91.
3. de Bono JS, Scher HI, Montgomery RB, Parker C, Miller MC, Tissing H, et al. Circulating tumor cells predict survival benefit 

from treatment in metastatic castration-resistant prostate cancer. Clin Cancer Res. 2008;14(19):6302-9.
4. Cohen SJ, Punt CJ, Iannotti N, Saidman BH, Sabbath KD, Gabrail NY, et al. Relationship of circulating tumor cells to tumor 

response, progression-free survival, and overall survival in patients with metastatic colorectal cancer. J Clin Oncol. 
2008;26(19):3213-21.

5. Alix-Panabieres C, Pantel K. Real-time liquid biopsy: circulating tumor cells versus circulating tumor DNA. Ann Transl 
Med. 2013;1(2):18.

6. Friedlander TW, Ngo VT, Dong H, Premasekharan G, Weinberg V, Doty S, et al. Detection and characterization of invasive 
circulating tumor cells derived from men with metastatic castration-resistant prostate cancer. Int J Cancer. 2014;134(10):2284-
93.

7. Lindemann F, Schlimok G, Dirschedl P, Witte J, Riethmuller G. Prognostic significance of micrometastatic tumour cells in 
bone marrow of colorectal cancer patients. Lancet. 1992;340(8821):685-9.

8. Barradas AM, Terstappen LW. Towards the Biological Understanding of CTC: Capture Technologies, Definitions and Potential 
to Create Metastasis. Cancers (Basel). 2013;5(4):1619-42.

9. Alix-Panabieres C, Pantel K. Challenges in circulating tumour cell research. Nat Rev Cancer. 2014;14(9):623-31.
10. Chen JF, Ho H, Lichterman J, Lu YT, Zhang Y, Garcia MA, et al. Subclassification of prostate cancer circulating tumor cells 

by nuclear size reveals very small nuclear circulating tumor cells in patients with visceral metastases. Cancer. 
2015;121(18):3240-51.

11. Alunni-Fabbroni M, Sandri MT. Circulating tumour cells in clinical practice: Methods of detection and possible 
characterization. Methods. 2010;50(4):289-97.

12. Byun S, Hecht VC, Manalis SR. Characterizing Cellular Biophysical Responses to Stress by Relating Density, Deformability, 
and Size. Biophys J. 2015;109(8):1565-73.

13. Riahi R, Gogoi P, Sepehri S, Zhou Y, Handique K, Godsey J, et al. A novel microchannel-based device to capture and analyze 
circulating tumor cells (CTCs) of breast cancer. Int J Oncol. 2014;44(6):1870-8.

14. Todenhofer T, Hennenlotter J, Feyerabend S, Aufderklamm S, Mischinger J, Kuhs U, et al. Preliminary experience on the 
use of the Adnatest(R) system for detection of circulating tumor cells in prostate cancer patients. Anticancer Res. 
2012;32(8):3507-13.

15. Nagrath S, Sequist LV, Maheswaran S, Bell DW, Irimia D, Ulkus L, et al. Isolation of rare circulating tumour cells in cancer 
patients by microchip technology. Nature. 2007;450(7173):1235-9.

16. Poklepovic A. ApoStream, an antibody-independent platform, compared to CellSearch for enumeration of circulating tumor 
cells (CTCs) in patients with metastatic prostate cancer. J Clin Oncol2012.

17. Kim MS, Sim TS, Kim YJ, Kim SS, Jeong H, Park JM, et al. SSA-MOA: a novel CTC isolation platform using selective size 
amplification (SSA) and a multi-obstacle architecture (MOA) filter. Lab Chip. 2012;12(16):2874-80.

18. Lianidou ES, Markou A. Circulating tumor cells in breast cancer: detection systems, molecular characterization, and future 
challenges. Clin Chem. 2011;57(9):1242-55.

19. Adams DL, Martin SS, Alpaugh RK, Charpentier M, Tsai S, Bergan RC, et al. Circulating giant macrophages as a potential 
biomarker of solid tumors. Proc Natl Acad Sci U S A. 2014;111(9):3514-9.

20. Eisenwort G, Jurkin J, Yasmin N, Bauer T, Gesslbauer B, Strobl H. Identification of TROP2 (TACSTD2), an EpCAM-like 
molecule, as a specific marker for TGF-beta1-dependent human epidermal Langerhans cells. J Invest Dermatol. 
2011;131(10):2049-57.

21. Shetye JD, Liljefors ML, Emdin SO, Frodin JE, Strigard K, Mellstedt HT, et al. Spectrum of cytokeratin-positive cells in the 
bone marrows of colorectal carcinoma patients. Anticancer Res. 2004;24(4):2375-83.

22. Lammers R, Giesert C, Grunebach F, Marxer A, Vogel W, Buhring HJ. Monoclonal antibody 9C4 recognizes epithelial cellular 
adhesion molecule, a cell surface antigen expressed in early steps of erythropoiesis. Exp Hematol. 2002;30(6):537-45.

23. Mulholland DJ, Kobayashi N, Ruscetti M, Zhi A, Tran LM, Huang J, et al. Pten loss and RAS/MAPK activation cooperate to 
promote EMT and metastasis initiated from prostate cancer stem/progenitor cells. Cancer Res. 2012;72(7):1878-89.

24. Han Y, Luo Y, Wang Y, Chen Y, Li M, Jiang Y. Hepatocyte growth factor increases the invasive potential of PC-3 human 
prostate cancer cells via an ERK/MAPK and Zeb-1 signaling pathway. Oncol Lett. 2016;11(1):753-9.

25. Smith BN, Bhowmick NA. Role of EMT in Metastasis and Therapy Resistance. J Clin Med. 2016;5(2).
26. Palapattu GS, Wu C, Silvers CR, Martin HB, Williams K, Salamone L, et al. Selective expression of CD44, a putative prostate 

cancer stem cell marker, in neuroendocrine tumor cells of human prostate cancer. Prostate. 2009;69(7):787-98.
27. al FRe. Sequential monitoring and characterization of circulating tumor cells (CTCs) using the epic sciences platform in 

metastatic castration-resistant prostate cancer (mCRPC) patients treated with recently approved therapeutics. J Clin Oncol 
20142014.

201757 proefschrift_Emma van der Toorn.indd   68 04-04-18   08:52



NUCLEOLIN EXPRESSION IN CTCS

69

4

28. Kaldjian E DNea. Multi-level analysis of circulating tumor cells in advanced prostate cancer using AccuCyte-CyteFinder. . 
Paper presented at: 22nd annual Prostate Cancer Foundation Scientific Retreat; October 8-10, 2015.; 2015.

29. van der Toom EE, Verdone JE, Gorin MA, Pienta KJ. Technical challenges in the isolation and analysis of circulating tumor 
cells. Oncotarget. 2016;7(38):62754-66.

30. Salvetti A, Coute Y, Epstein A, Arata L, Kraut A, Navratil V, et al. Nuclear Functions of Nucleolin through Global Proteomics 
and Interactomic Approaches. J Proteome Res. 2016;15(5):1659-69.

31. Morfoisse F, Tatin F, Hantelys F, Adoue A, Helfer AC, Cassant-Sourdy S, et al. Nucleolin Promotes Heat Shock-Associated 
Translation of VEGF-D to Promote Tumor Lymphangiogenesis. Cancer Res. 2016;76(15):4394-405.

32. Humphrey PA. Gleason grading and prognostic factors in carcinoma of the prostate. Mod Pathol. 2004;17(3):292-306.
33. Cornejo KM, Dong F, Zhou AG, Wu CL, Young RH, Braaten K, et al. Papillary renal cell carcinoma: correlation of tumor 

grade and histologic characteristics with clinical outcome. Hum Pathol. 2015;46(10):1411-7.
34. Xu JY, Lu S, Xu XY, Hu SL, Li B, Li WX, et al. Prognostic significance of nuclear or cytoplasmic nucleolin expression in 

human non-small cell lung cancer and its relationship with DNA-PKcs. Tumour Biol. 2016;37(8):10349-56.
35. Chen C, Chen L, Yao Y, Qin Z, Chen H. Nucleolin overexpression is associated with an unfavorable outcome for ependymoma: 

a multifactorial analysis of 176 patients. J Neurooncol. 2016;127(1):43-52.
36. Meng GZ, Zi Y, Li HQ, Huang M, Gao T. [Nucleolin expression is correlated with carcinogenesis and progression of cervical 

squamous cell carcinoma]. Nan Fang Yi Ke Da Xue Xue Bao. 2015;35(10):1511-4.
37. Gaume X, Place C, Delage H, Mongelard F, Monier K, Bouvet P. Expression of Nucleolin Affects Microtubule Dynamics. 

PLoS One. 2016;11(6):e0157534.
38. Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T, et al. Fiji: an open-source platform for biological-

image analysis. Nat Methods. 2012;9(7):676-82.
39. Shannon CE. A mathematical theory of communication. Bell Syst Technical J; July 1948.
40. Sawilowsky SS. New effect size rules of thumb. J Modern Appl Stat Methods; 2009. 8(2), 597 – 599
41. Maremanda NG, Roy K, Kanwar RK, Shyamsundar V, Ramshankar V, Krishnamurthy A, et al. Quick chip assay using locked 

nucleic acid modified epithelial cell adhesion molecule and nucleolin aptamers for the capture of circulating tumor cells. 
Biomicrofluidics. 2015;9(5):054110.

201757 proefschrift_Emma van der Toorn.indd   69 04-04-18   08:52



201757 proefschrift_Emma van der Toorn.indd   70 04-04-18   08:52



The Prostate, 2018 Mar, 7 8(4):300-307

van der Toom EE*, Groot VP*, Glavaris S, Gemenetzis G, Chalfin HJ, Wood LD,  
Wolfgang CL, de la Rosette JJMCH, de Reijke Th.M, Pienta KJ.

Analogous detection of circulating tumor cells using the 
AccuCyte® – CyteFinder® system and ISET system in patients 
with locally advanced and metastatic prostate cancer 

CHAPTER 5

201757 proefschrift_Emma van der Toorn.indd   71 04-04-18   08:52



PART I   CHAPTER 5

72

ABSTRACT

Introduction
Circulating tumor cells (CTCs) can provide important information on patient’s prognosis 
and treatment efficacy. Currently, a plethora of methods is available for the detection of 
these rare cells. We compared the outcomes of two of those methods to enumerate and 
characterize CTCs in patients with locally advanced and metastatic prostate cancer (PCa). 
First, the selection-free AccuCyte® – CyteFinder® system (RareCyte®, Inc., Seattle, WA) and 
second, the ISET system (Rarecells Diagnostics, France), a CTC detection method based 
on cell size-exclusion.

Methods
Peripheral blood samples were obtained from 15 patients with metastatic PCa and processed 
in parallel, using both methods according to manufacturer’s protocol. CTCs were identified 
by immunofluorescence, using commercially available antibodies to pancytokeratin 
(PanCK), EpCAM, CD45/CD66b/CD34/CD11b/CD14 (AccuCyte® – CyteFinder® system), 
and pancytokeratin, vimentin (Vim) and CD45 (ISET system).

Results
The median CTC count was 5 CTCs/7.5 mL (range, 0 – 20) for the AccuCyte® – CyteFinder® 
system and 37 CTCs/7.5 mL (range, 8 – 139) for the ISET system (p<0.001). Total CTC 
counts obtained for the two methods were correlated (r=0.750, p=0.001). When separating 
the total CTC count obtained with the ISET system in PanCK+/Vim- and PanCK+/Vim+ 
CTCs, the total CTC count obtained with the AccuCyte® – CyteFinder® system was 
moderately correlated with the PanCK+/Vim- CTCs, and strongly correlated with the 
PanCK+/Vim+ CTCs (r=0.700, p=0.004 and r=0.810, p<0.001, respectively).

Conclusion
Our results highlight significant disparities in the enumeration and phenotype of CTCs 
detected by both techniques. Although the median amount of CTCs/7.5mL differed 
significantly, total CTC counts of both methods were strongly correlated. For future studies, 
a more uniform approach to the isolation and definition of CTCs based on 
immunofluorescent stains is needed to provide reproducible results that can be correlated 
with clinical outcomes.
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INTRODUCTION

With 161,360 estimated new cases in 2017, prostate cancer (PCa) is the most common 
cancer in US men and the second most common cause of male cancer death (1). 
Unfortunately, there is still no cure for this disease once it has metastasized. Circulating 
tumor cells (CTCs) are tumor cells that have managed to leave the primary solid tumor in 
order to enter the peripheral blood, and are thereby involved in the hematogeneous 
metastatic spread (2). These cells could provide important information on patient’s 
prognosis and treatment efficacy (3, 4). 
At present, a plethora of methods have been developed and are commercially available for 
the detection and isolation of these rare cells, all with their own pros and cons (2). The 
CellSearch® system (Janssen Diagnostic), which uses anti-EpCAM labeled magnetic beads 
for the positive selection of CTCs, is the only FDA-approved assay to date (5). It is the most 
commonly used CTC detection method, mainly because of its repeatability and its proven 
contribution to predict outcome and progression-free survival in patients with metastatic 
breast, colorectal and prostate cancers (6-8). It is now understood that the expression of 
epithelial markers varies with tumor type and that the expression of those markers, 
especially EpCAM, is downregulated by epithelial-to-mesenchymal transition (EMT) to 
increase the ability of the tumor cells to mobilize, invade and thus facilitate metastasis (9, 
10). Therefore, epithelial markers do not formally establish the metastatic nature of CTCs 
(11-14). CTC detection methods that rely on EpCAM expression of the tumor cells, like 
CellSearch®, fail to detect CTCs with more mesenchymal, and possibly more aggressive, 
features (11). 
Based on this knowledge, this study prospectively compared the performance of two 
different methods that both do not solely rely on EpCAM. First, the selection-free AccuCyte® 
– CyteFinder® system (RareCyte, Inc., Seattle, WA), which is able to identify EpCAM 
negative, as well as EpCAM positive CTCs. This method involves spreading of nucleated 
cells on positively charged slides, followed by immunofluorescence (IF) staining. An IF 
imaging microscope is then used to enumerate CTCs (15, 16). The proposed strength of 
this method is limited loss of CTCs by marker selection or physical overlap between CTCs 
and other blood components. The second system used in this study is the ISET (Isolation 
by Size of Epithelial Tumor cells) system (Rarecells Diagnostics, France), which uses size-
based separation of CTCs, and thus does not rely on the expression of epithelial markers 
only, thereby allowing for the identification of CTCs with different phenotypes. Size-based 
separation relies on the assumption that circulating tumor cells are larger than the other 
components of the blood (17, 18). Cells are enriched by blood filtration through filtering 
membranes with 8 µm pores in diameter and the enriched cells are subsequently stained 
on the filter and characterized by IF. Distinguishing between both epithelial and 
mesenchymal-like tumor cells, by using pancytokeratin and vimentin stains, is the proposed 
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strength of this system (19-21) (Table 1). The main aim of this prospective study is to 
investigate whether samples processed with the AccuCyte® – CyteFinder® system and ISET 
system give comparable results in terms of number of CTCs detected, and to show the 
differences in enumeration and phenotyping between both techniques.

Table 1. Differences between both CTC detection methods

Assay characteristics AccuCyte® – 
CyteFinder® system

ISET System

CTC isolation strategy Selection-free Size-based separation

Markers used in assay DAPI, PanCK, EpCAM, CD45/
CD66b/CD34/CD11b/CD14

DAPI, PanCK, Vimentin, CD45

Able to distinguish between epithelial 
and mesenchymal-like CTCs

No Yes

Costs per test +/- $170 +/- $210

MATERIAL AND METHODS

CTC analysis was carried out in parallel on samples obtained from the same patient using 
both methods. Peripheral blood samples (7.5 mL) from 15 patients with locally advanced 
and metastatic prostate cancer were drawn into Rarecyte blood collection tubes (Rarecyte 
Inc, Seattle, WA) and processed within 72 hours of collection. For the ISET assay, blood 
was collected in lavender-topped ethylenediaminetetraacetic acid (EDTA) vacutainers and 
processed within 6 hours of collection. The specimens were collected under a protocol 
approved by the Johns Hopkins Medicine Institutional Review Board. 

Enumeration of CTCs by the selection-free AccuCyte® – CyteFinder® system
Sample Processing
The AccuCyte® sample processing system (Rarecyte Inc, Seattle, WA)) was used to process 
and transfer the samples to 8 positively charged slides. Until staining, slides were stored at 
-20°C.

Sample Staining
Slides were stained according to manufacturer’s protocol, using a previously described 
protocol (22). Briefly, on the day of staining slides were first fixed in 10% neutral buffered 
formalin (Sigma, St. Louis, MO) for 60 minutes at room temperature. Next, two washes in 
Tris-buffered saline (Quality Biological Inc, Gaithersberg, MD) were performed to 
neutralize the slides for excess formalin. Subsequently, slides were put in an antigen retrieval 
bath for 6 minutes (Tris-HCl buffer, pH 10, Sigma-Aldrich, St. Louis, MO) to improve 
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accessibility of the antibodies to the tissue antigens. A proprietary custom reagent kit 
developed by RareCyte was used to perform the staining. This includes 4’,6-diamidino-2-
phenylindole (DAPI; nuclear stain); anti-pancytokeratin (PanCK; epithelial marker), anti-
EpCAM (epithelial marker), and anti-CD45/anti-CD66b (counterstain channel). We 
modified the assay by adding the following additional counterstain markers: anti-CD14-PE 
(Biolegend, San Diego, CA; clone M5E2, 1:200), anti-CD34-PE (Biolegend; clone 581, 
1:200,), and anti-CD11b-PE (Biolegend; clone M1/70, 1:200). Next, Fluoromount aqueous 
mounting medium (Sigma-Aldrich, St. Louis, MO) was used to cover-slip the slides and 
allowed to dry overnight at room temperature (25°C).

Slide Scanning
The CyteFinder® imaging system (Rarecyte Inc, Seattle, WA) was used to scan the stained 
slides (magnification objective 10X) with the following exposure times: DAPI – 0.020 sec; 
PanCK – 0.025 sec; CD45/CD66b/CD11b/CD14/CD34 (counterstain channel) – 0.050 sec; 
EpCAM – 0.100 sec. Candidate CTCs were identified from top ranked cells by a single 
trained technician and the report was always reviewed by a second technician. Candidate 
CTCs were called positive if they exhibited the following criteria: a DAPI-positive nucleus 
with a diameter ≥4 µm; positivity for the cytokeratin stain, AND/OR positivity for the 
EpCAM stain and lacking of signal in the counterstain channel.

Enumeration of CTCs by the size-based approach ISET System
Sample Processing
Using previously described protocols by Rarecells Diagnostics, blood samples were 
processed and filtered using the ISET method (18, 23). In short, an isolation buffer was 
prepared by combining three buffer samples provided by Rarecells Diagnostics with ultra-
filtered water and was brought to a pH between 7.2 and 7.4 with 1 M/L sodium hydroxide. 
Ten mL of blood was diluted using 90 mL of buffer (10-fold dilution) and formaldehyde 
was added. The solution was then filtrated by the Rarecells Device using a disposable 
cartridge (Rarecells Block) containing a filter with 8 µm-sized pores. After filtration, 
membranes were stored in the dark at -20°C until further staining and analysis.

Sample Staining
Immunofluorescence of the ISET membranes was performed using a previously published 
protocol with commercially available conjugated antibodies (24). In short, membranes were 
re-hydrated using 1x tris-buffered saline after which 0.2% Triton was added to permeabilize 
cell membranes. After the Triton was removed, a 5% milk-based blocking solution with 
immunofluorescent antibodies to pancytokeratin (Abcam, Alexa Fluor 488, 1:100), CD45 
(Bioss, Alexa Fluor 647, 1:100) and vimentin (Abcam, Alexa Fluor 594, 1:100) was used to 
incubate the membranes. Membranes were washed a final time with 1x tris-buffered saline 
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before being fixed on a positively charged slide with DAPI (Life Sciences). Slides were 
allowed to dry overnight in the dark at 4°C.

Slide Scanning
Analysis of slides with an IF microscope was done manually at 20x magnification. With 
the Nikon NIS Elements imaging program (version 4.20.02, 64-bit), different exposure 
times and wavelengths were used to detect staining with DAPI (0.6 sec milliseconds), 
pancytokeratin (1.0 sec), vimentin (0.8 sec) and CD45 (3.0 sec). Identified CTCs were 
counted by a single user and images under each wavelength were taken and stored. An 
epithelial CTC (PanCK+/Vim- CTC) was defined as a cell with a DAPI-positive nucleus, 
cytoplasmic labeling for pancytokeratin and no expression of CD45. A mesenchymal-like 
CTC (PanCK+/Vim+ CTC) was defined as a cell with a DAPI-positive nucleus, cytoplasmic 
labeling for pancytokeratin and vimentin and no expression of CD45. PanCK+ and 
PanCK+/Vim+ CTCs were counted and presented in a mutually exclusive fashion.

Data Analysis/Statistical Methods
Since CTC levels in patients were non-normally distributed, CTC counts were presented 
as medians with corresponding ranges. Linear regression plots were computed for CTC 
counts obtained by the AccuCyte® – CyteFinder® and ISET techniques. The Spearman test 
was subsequently used to assess the correlation of CTC counts determined by both 
techniques. In addition, the Mann-Whitney U-test was used to compare the differences in 
median CTC count of both detection methods. All statistical analyses were performed using 
the SPSS software (version 24; SPSS, Chicago, IL).

RESULTS

Patient characteristics
All 15 patients included in this study had histologically confirmed diagnosis of locally 
advanced or metastatic adenocarcinoma (IA) of the prostate. Each of the 15 patients had 
blood collected for CTC isolation and characterization by both the AccuCyte® – CyteFinder® 
system and the ISET system. The average age of the patients was 64.1 years (range, 49 – 78 
yrs), while median PSA was 10.3 ng/mL (range, 2.2 – 360). Patients had either a relapse of 
PCa diagnosed years before and were to start chemo- and/or hormone therapy, or had a 
documented detectable prostate PSA after primary treatment (radical prostatectomy or 
radiation) before receiving additional therapy. Prior adjuvant treatment of any type for 
metastatic disease was permitted. 
Ten out of 15 men had metastatic disease, of which nine had bone metastases and one had 
pulmonary metastases. None of the patients had brain metastases. Six of the metastatic 
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patients received androgen deprivation therapy (two patients received abiraterone (#10, 
#12), two patients received bicalutamide in combination with Lupron (#1, #7), one patient 
received degarelix and had undergone previously a trial with pembrolizumab (#11), and 
one patient received enzalutamide and completed previously a trial with Sipuleucel T and 
a trial with UCSF ipilimumab (#2)), and four patients were about to start androgen 
deprivation therapy with/or without taxotere (#6, #8, #13, #15).
Five out of 15 men had locally advanced disease; of which four were about to start androgen 
deprivation therapy with/or without taxotere (#3, #4, #5, #9,) and one patient had recently 
started trelstar and was in cycle 2 of chemotherapy with taxotere (#14).
Table 2 shows the clinicopathological characteristics of the patients, as well as their 
respective CTC counts obtained by both techniques. 

Circulating tumor cell detection
The median CTC count was 5 CTCs/7.5 mL (range, 0 – 20) for the AccuCyte® – CyteFinder® 
system and 37 CTCs/7.5 mL (range, 8 – 139) for the ISET system. When assessing differences 

Table 2. Clinicopathological characteristics of the patient cohort with their respective CTC counts
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P1 52 IA X* T2N1M1 4.6 10 37 26 11

P2 68 IA 4+3=7 T3aN1M1 5.0 0 8 8 0

P3 75 IA 5+4=9   T2cN1M0 360.0 4 52 45 7

P4 75 IA 4+5=8 T3bN0M0 2.2 20 139 124 15

P5 51 IA 4+4=8 T1cN1M0 58.3 10 49 41 8

P6 68 IA 4+4=8 T3aN1M1 43.0 8 23 23 0

P7 64 IA 4+4=8 T3aN1M1 43.9 10 37 26 11

P8 73 IA 4+4=8 T2cN1M1 11.8 4 30 30 0

P9 78 IA 4+5=9 T3aN0M0 10.3 13 68 53 15

P10 63 IA 4+3=7 T3bN0M1 5.0 2 19 15 4

P11 68 IA 5+4=9 T3aN1M1 8.0 5 46 38 8

P12 49 IA 4+4=8 T3aN1M1 19.7 6 44 33 11

P13 52 IA 5+4=9 T1cN1M1 23.0 1 8 8 0

P14 61 IA 4+5=9 T2bN1M0 3.8 1 16 12 4

P15 64 IA 4+4=8 T3bN1M1 20.0 5 38 30 8

Abbreviations: Pat. = Patient. CTC = Circulating Tumor Cells. Age*= at moment of CTCs analysis. X* = Tumor 
cannot be reliably graded due to prominent treatment effect. TNM = tumor node metastasis. PSA = Prostate 
specific antigen (ng/mL), measured at the moment of CTC analysis. ‡ = CTCs counted per 7.5 mL of blood
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in median CTC counts between both systems with the Mann-Whitney U-test, the median 
total CTC count of 5 CTCs/7.5 mL for the AccuCyte® – CyteFinder® system was significantly 
lower than the 37 CTCs/7.5 mL found with the ISET system (p<0.001). However, total CTC 
counts obtained with the two methods were highly correlated (r=0.750, p=0.001) (Figure 1A).
When separating the total CTC count found with the ISET system in PanCK+/Vim- 
(epithelial CTCs) and PanCK+/Vim+ CTCs (mesenchymal-like CTCs), the median CTC 
count was 30 CTCs/7.5 mL (range, 8 – 124) for the PanCK+/Vim- CTCs and 8 CTCs/7.5 
mL (range, 0 – 15) for the PanCK+/Vim+ CTCs. The amount of 5 CTCs/7.5 mL of CTCs 
identified by the AccuCyte® – CyteFinder® system was significantly lower than the median 
30 CTCs/7.5 mL of PanCK+/Vim- CTCs (p<0.001) identified by the ISET assay, but did 
not differ significantly from the found median 8 CTCs/7.5 mL of PanCK+/Vim+ CTCs 
(p=0.870). Furthermore, the total CTC count obtained with the AccuCyte® – CyteFinder® 
system was moderately correlated with the PanCK+/Vim- CTCs, and strongly correlated 
with the PanCK+/Vim+ CTCs (r=0.700, p=0.004 and r=0.810, p<0.001, respectively) 
(Figure 1B-C).
Of the 15 patients, 8 (53%) had CTC counts ≥ 5/7.5 mL according to the AccuCyte® – 
CyteFinder® system, while all 15 (100%) had CTC counts ≥ 5/7.5 mL using the ISET system. 
When breaking down the CTC count of the ISET system per phenotype, all 15 patients 
(100%) had ≥ 5/7.5 mL epithelial CTCs, while 9 (60%) had ≥ 5/7.5 mL mesenchymal-like 
CTCs. One patient was found to have 0 CTCs by the AccuCyte® – CyteFinder® system, 
while four patients had no mesenchymal-like CTCs detected by the ISET system.

DISCUSSION

The main aim of this prospective study was to investigate whether samples processed with 
the AccuCyte® – CyteFinder® system and ISET system give comparable results in terms of 
number of CTCs detected. Our results highlight significant disparities in the enumeration 
and phenotype of CTCs detected by both techniques. Although the median amount of 
CTCs/7.5mL differed significantly, total CTC counts were strongly correlated in these two 
methods, despite that they rely on both different approaches as well as different molecular 
markers. 
The clinical implications of CTCs have been reported abundantly in the literature. 
Enumeration of CTCs can help in determining the prognosis of a patients’ disease in the 
castration-resistant setting and improve risk-stratification to avoid overtreatment and 
prolong cancer survival. Further characterization of CTCs can additionally guide in the 
different therapeutic options based on their phenotypic and molecular characteristics (7, 
8, 25-27). Furthermore, the isolation and characterization of CTCs play a very important 
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Figure 1.
Linear regression plots of CTC counts 
by the AccuCyte® – CyteFinder® system 
and ISET
A. Total CTC counts by both methods
B.  Total CTC counts by the AccuCyte® 

– CyteFinder® system and CK+/Vim- 
CTC counts by ISET

C.  Total CTC counts by the AccuCyte® 
– CyteFinder® system and CK+/Vim+ 
CTC counts by ISET
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role in understanding their biological, as well as their clinical relevance. Over the past few 
years a plethora of different assays for the detection, enumeration and isolation of CTCs 
in blood have been developed. Unfortunately, very few studies have been performed that 
compare the outcome of these assays with different approaches and there is substantial 
variability in the rates of positive samples using existing detection techniques (28). A lack 
of uniformity in used technologies and definitions might hinder the implementation of 
CTC measurement in clinical routine practice. 
Methods that use the physical property ‘cell size’ for the detection of CTCs, like the ISET 
system, rely on the general assumption that circulating tumor cells are larger than the other 
components found in the blood of a patient (18). However, this type of enrichment has 
some important limitations, as this assumption is not based on the size of actual CTCs in 
humans, but largely on measurements of cells from cell lines in culture. A significant portion 
of CTCs in samples from patients have the same size or are sometimes even smaller than 
the white blood cells in a blood sample (Figure 2). Furthermore, it has been reported that 
these very small CTCs are associated with worse disease outcome (29), emphasizing the 
importance of including these cells in CTC analysis. Also, it has been reported that CTC 
detection methods based on cell size may miss between 20-50% of CTCs (30). 

An important strength of the ISET system, however, is that it allows for different IF stains 
to be used on the isolated CTCs. In this manner, different phenotypic subpopulations, such 
as epithelial and mesenchymal-like CTCs, can be identified, characterized and enumerated 
(Figure 3). Several studies in a variety of cancers have shown an association between the 
presence of mesenchymal-like CTCs in the circulation and worse cancer prognosis (24, 31, 

Figure 2. Limitations to size-based CTC enrichment: patient CTCs vs Cell Lines
Example of a spiked LNCaP cell in peripheral blood of a healthy donor, processed with the AccuCyte® – 
CyteFinder® system; LNCaP cell much larger than the white blood cells.
Example of a CTC in peripheral blood a patient with metastatic PCa, processed with the AccuCyte® – CyteFinder® 
system; CTC even smaller than the white blood cells.
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32). For PCa in particular, it has been reported that the number of PanCK-/Vim+ CTCs is 
correlated with disease burden, tumor aggressiveness and worse overall survival. 
Furthermore, Xu et al. showed that the combination of PanCK+/Vim+ CTCs and PSA level 
improved the prediction of cancer metastases better than other subtypes of CTCs (AUC 
0.921 and 95% CI: 0.858-0.985). Identification of CTCs with a mesenchymal-like phenotype 
could thus further help monitor and predict cancer progression (33). Future prospective 
studies, with a larger number of patients will hopefully elucidate whether the presence of 
these different CTC phenotypes is correlated with different clinical outcomes.

In contrast, the AccuCyte® – CyteFinder® system only uses epithelial markers, and is thus 
not able to establish the potential mesenchymal-like nature of specific CTCs. The strength 
of the novel selection-free AccuCyte® – CyteFinder® system on the other hand, is the idea 
that ‘no cell is left behind’, due to the limited loss of CTCs by marker selection or physical 
overlap between CTCs and other blood components. Although the AccuCyte® – CyteFinder® 
system does not distinguish between epithelial or mesenchymal-like cancer cells, it is able 
to identify both EpCAM-negative, as well as EpCAM-positive CTCs. 
The ISET system identified a significant higher amount of CTCs in the same blood sample 
when compared to the AccuCyte® – CyteFinder® system. An important difference between 
both detection assays that can possibly explain this disparity is the difference in the 
counterstain panel used, since the counterstain of the ISET only consists of the most 
commonly utilized marker CD45. The AccuCyte® – CyteFinder® system, on the other hand, 
uses additional markers to common cells of hematopoietic stem cell and endothelial cell 
lineage to create a comprehensive panel to demarcate cells other than CTCs. This panel 

Figure 3. Expression of epithelial and mesenchymal markers in CTCs
Epithelial/mesenchymal phenotype (A), positive for pancytokeratin (B), vimentin (C) and DAPI (D), and epithelial 
phenotype (E), positive pancytokeratin (F), and DAPI (H), and negative for vimentin (G). All immunofluorescent 
images under 20X magnification (Nikon Eclipse Ti-E microscope). 
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consists of CD11b and CD14 (both expressed on macrophages) (34, 35), CD34 (a cell 
surface glycoprotein expressed on blood- and bone marrow-derived progenitor cells, 
especially hematopoietic and endothelial cells) (36), and CD66b (an activation marker for 
human granulocytes) (37). It is therefore possible that the samples processed with the ISET 
system identified cells as CTCs that would have been excluded as CTCs on the AccuCyte® 
– CyteFinder® system due to the additional markers in counterstains. Based on our data, it 
seems that, despite the theoretical loss of potential tumor cells with the size-based 
enrichment method, the expanded ‘dump’ channel of the AccuCyte® – CyteFinder® system 
has a higher influence on the total number of detected CTCs. However, as with all CTC 
detection methods, the process of the ISET and AccuCyte® – CyteFinder® assays both 
included different steps during which CTCs could also have been lost; for example, during 
the antigen retrieval bath and during the sequential washes in between the different 
immunostaining steps. The current study does not allow pinpointing the specific cause for 
the found differences in CTC counts between the two systems. Future studies comparing 
different CTC isolation methods could shed further light on the cause of this found 
difference.
This study had several limitations worthy mentioning. First, because of the relatively small 
and heterogeneous patient cohort, the current study was not powered to investigate the 
relationship between CTC counts and clinicopathological variables and survival outcomes. 
A large cohort of prostate cancer patients would allow for correlation with clinical outcomes 
that would potentially reveal associations not appreciated by the current study. However, 
the main aim of this prospective study was to investigate whether samples processed with 
the AccuCyte® – CyteFinder® system and ISET system give comparable results in terms of 
number of CTCs detected, and to show the differences in enumeration and characterization 
between both techniques. For this purpose, the sample size of included patients was 
sufficient to show that although significant differences in absolute numbers of detected 
CTCs exist between the two platforms, the total counts show high correlation. Second, as 
outlined above, the performed experiments did not allow us to formally establish the 
underlying mechanisms in both isolation methods that caused the differences found in the 
identified number of CTCs.
In conclusion, our results highlight significant disparities in the enumeration and phenotype 
of CTCs detected by the AccuCyte® – CyteFinder® system and the ISET system. Although 
the median amount of CTCs/7.5mL differed significantly, total CTC counts of both methods 
were strongly correlated. For future studies, a more uniform approach to the isolation and 
definition of CTCs based on immunofluorescent stains are needed to provide reproducible 
results that can be correlated with clinical outcomes.

201757 proefschrift_Emma van der Toorn.indd   82 04-04-18   08:52



ANALOGOUS DETECTION OF CTCS

83

5

REFERENCES
1. Siegel RL, Miller KD, Jemal A. Cancer Statistics, 2017. CA Cancer J Clin. 2017;67(1):7-30.
2. van der Toom EE, Verdone JE, Gorin MA, Pienta KJ. Technical challenges in the isolation and analysis of circulating tumor 

cells. Oncotarget. 2016;7(38):62754-66.
3. Pantel K, Alix-Panabieres C. Real-time liquid biopsy in cancer patients: fact or fiction? Cancer Res. 2013;73(21):6384-8.
4. Alix-Panabieres C, Pantel K. Challenges in circulating tumour cell research. Nat Rev Cancer. 2014;14(9):623-31.
5. Allard WJ, Matera J, Miller MC, Repollet M, Connelly MC, Rao C, et al. 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(20):6897-
904.

6. Hayes DF, Cristofanilli M, Budd GT, Ellis MJ, Stopeck A, Miller MC, et al. Circulating tumor cells at each follow-up time 
point during therapy of metastatic breast cancer patients predict progression-free and overall survival. Clin Cancer Res. 
2006;12(14 Pt 1):4218-24.

7. Cohen SJ, Punt CJ, Iannotti N, Saidman BH, Sabbath KD, Gabrail NY, et al. Relationship of circulating tumor cells to tumor 
response, progression-free survival, and overall survival in patients with metastatic colorectal cancer. J Clin Oncol. 
2008;26(19):3213-21.

8. de Bono JS, Scher HI, Montgomery RB, Parker C, Miller MC, Tissing H, et al. Circulating tumor cells predict survival benefit 
from treatment in metastatic castration-resistant prostate cancer. Clin Cancer Res. 2008;14(19):6302-9.

9. Yang J, Weinberg RA. Epithelial-mesenchymal transition: at the crossroads of development and tumor metastasis. Dev Cell. 
2008;14(6):818-29.

10. Huber MA, Kraut N, Beug H. Molecular requirements for epithelial-mesenchymal transition during tumor progression. 
Curr Opin Cell Biol. 2005;17(5):548-58.

11. Rao CG, Chianese D, Doyle GV, Miller MC, Russell T, Sanders RA, Jr., et al. Expression of epithelial cell adhesion molecule 
in carcinoma cells present in blood and primary and metastatic tumors. Int J Oncol. 2005;27(1):49-57.

12. Konigsberg R, Obermayr E, Bises G, Pfeiler G, Gneist M, Wrba F, et al. Detection of EpCAM positive and negative circulating 
tumor cells in metastatic breast cancer patients. Acta Oncol. 2011;50(5):700-10.

13. Massoner P, Thomm T, Mack B, Untergasser G, Martowicz A, Bobowski K, et al. EpCAM is overexpressed in local and 
metastatic prostate cancer, suppressed by chemotherapy and modulated by MET-associated miRNA-200c/205. Br J Cancer. 
2014;111(5):955-64.

14. Sieuwerts AM, Kraan J, Bolt J, van der Spoel P, Elstrodt F, Schutte M, et al. Anti-epithelial cell adhesion molecule antibodies 
and the detection of circulating normal-like breast tumor cells. J Natl Cancer Inst. 2009;101(1):61-6.

15. Campton DE, Ramirez AB, Nordberg JJ, Drovetto N, Clein AC, Varshavskaya P, et al. High-recovery visual identification 
and single-cell retrieval of circulating tumor cells for genomic analysis using a dual-technology platform integrated with 
automated immunofluorescence staining. BMC Cancer. 2015;15:360.

16. Stilwell J, Drovetto N, Ramirez AB, Campton D, Nordberg J, Varshavskaya P, Clein A, Quarre S, Friemel B, Sabath DS, 
Kaldjian EP. Clinical performance of the AccuCyte-Cytefinder System, a dual-technology platform for comprehensive 
collection and high resolution imaging of circulating tumor cells.: Cancer Research; 2015.

17. Dolfi SC, Chan LL, Qiu J, Tedeschi PM, Bertino JR, Hirshfield KM, et al. The metabolic demands of cancer cells are coupled 
to their size and protein synthesis rates. Cancer Metab. 2013;1(1):20.

18. Vona G, Sabile A, Louha M, Sitruk V, Romana S, Schutze K, et al. Isolation by size of epithelial tumor cells : a new method 
for the immunomorphological and molecular characterization of circulatingtumor cells. Am J Pathol. 2000;156(1):57-63.

19. Pailler E, Oulhen M, Billiot F, Galland A, Auger N, Faugeroux V, et al. Method for semi-automated microscopy of filtration-
enriched circulating tumor cells. BMC Cancer. 2016;16:477.

20. Mazzini C, Pinzani P, Salvianti F, Scatena C, Paglierani M, Ucci F, et al. Circulating tumor cells detection and counting in 
uveal melanomas by a filtration-based method. Cancers (Basel). 2014;6(1):323-32.

21. Morris KL, Tugwood JD, Khoja L, Lancashire M, Sloane R, Burt D, et al. Circulating biomarkers in hepatocellular carcinoma. 
Cancer Chemother Pharmacol. 2014;74(2):323-32.

22. Chalfin HJ, Verdone JE, van der Toom EE, Glavaris S, Gorin MA, Pienta KJ. Nucleolin Staining May Aid in the Identification 
of Circulating Prostate Cancer Cells. Clin Genitourin Cancer. 2017 Jun;15(3):e477-e481.

23. Laget S, Broncy L, Hormigos K, Dhingra DM, BenMohamed F, Capiod T, et al. Technical Insights into Highly Sensitive 
Isolation and Molecular Characterization of Fixed and Live Circulating Tumor Cells for Early Detection of Tumor Invasion. 
PLoS One. 2017;12(1):e0169427.

24. Poruk KE, Valero V, 3rd, Saunders T, Blackford AL, Griffin JF, Poling J, et al. Circulating Tumor Cell Phenotype Predicts 
Recurrence and Survival in Pancreatic Adenocarcinoma. Ann Surg. 2016;264(6):1073-81.

25. Lianidou ES, Strati A, Markou A. Circulating tumor cells as promising novel biomarkers in solid cancers. Crit Rev Clin Lab 
Sci. 2014;51(3):160-71.

26. Cristofanilli M, Budd GT, Ellis MJ, Stopeck A, Matera J, Miller MC, et al. Circulating tumor cells, disease progression, and 
survival in metastatic breast cancer. N Engl J Med. 2004;351(8):781-91.

27. Yu M, Stott S, Toner M, Maheswaran S, Haber DA. Circulating tumor cells: approaches to isolation and characterization. J 
Cell Biol. 2011;192(3):373-82.

201757 proefschrift_Emma van der Toorn.indd   83 04-04-18   08:52



PART I   CHAPTER 5

84

28. Farace F, Massard C, Vimond N, Drusch F, Jacques N, Billiot F, et al. A direct comparison of CellSearch and ISET for 
circulating tumour-cell detection in patients with metastatic carcinomas. Br J Cancer. 2011;105(6):847-53.

29. Chen JF, Ho H, Lichterman J, Lu YT, Zhang Y, Garcia MA, et al. Subclassification of prostate cancer circulating tumor cells 
by nuclear size reveals very small nuclear circulating tumor cells in patients with visceral metastases. Cancer. 
2015;121(18):3240-51.

30. Alunni-Fabbroni M, Sandri MT. Circulating tumour cells in clinical practice: Methods of detection and possible 
characterization. Methods. 2010;50(4):289-97.

31. Messaritakis I, Politaki E, Kotsakis A, Dermitzaki EK, Koinis F, Lagoudaki E, et al. Phenotypic characterization of circulating 
tumor cells in the peripheral blood of patients with small cell lung cancer. PLoS One. 2017;12(7):e0181211.

32. Thomas PA, Kirschmann DA, Cerhan JR, Folberg R, Seftor EA, Sellers TA, et al. Association between keratin and vimentin 
expression, malignant phenotype, and survival in postmenopausal breast cancer patients. Clin Cancer Res. 1999;5(10):2698-
703.

33. Xu L, Mao X, Guo T, Chan PY, Shaw G, Hines J, et al. The novel association of circulating tumor cells and circulating 
megakaryocytes with prostate cancer prognosis. Clin Cancer Res. 2017; ;23(17):5112-5122.

34. Kirby AC, Raynes JG, Kaye PM. CD11b regulates recruitment of alveolar macrophages but not pulmonary dendritic cells 
after pneumococcal challenge. J Infect Dis. 2006;193(2):205-13.

35. Frey T, De Maio A. Increased expression of CD14 in macrophages after inhibition of the cholesterol biosynthetic pathway 
by lovastatin. Mol Med. 2007;13(11-12):592-604.

36. Wood HB, May G, Healy L, Enver T, Morriss-Kay GM. CD34 expression patterns during early mouse development are related 
to modes of blood vessel formation and reveal additional sites of hematopoiesis. Blood. 1997;90(6):2300-11.

37. Yoon J, Terada A, Kita H. CD66b regulates adhesion and activation of human eosinophils. J Immunol. 2007;179(12):8454-62.

201757 proefschrift_Emma van der Toorn.indd   84 04-04-18   08:52



85

201757 proefschrift_Emma van der Toorn.indd   85 04-04-18   08:52



201757 proefschrift_Emma van der Toorn.indd   86 04-04-18   08:52



Medical Oncology. 2017 Feb;34(2):22

van der Toom EE, Gorin MA, Verdone JE, Jun C, Petrisor D, Lim S, de la Rosette JJMCH, 
de Reijke Th. M, Pienta KJ and Stoianovici D.

A surface tension magnetophoretic device
for rare cell isolation and characterization

CHAPTER 6

201757 proefschrift_Emma van der Toorn.indd   87 04-04-18   08:52



PART I   CHAPTER 6

88

ABSTRACT

The cancer community continues to search for an efficient and cost-effective technique to 
isolate and characterize circulating cells (CTCs) as a ‘real-time liquid biopsy’. Existing 
methods to isolate and analyze CTCs require various transfer, wash, and staining steps that 
can be time consuming, expensive and risk the loss of rare cells. To overcome the limitations 
of existing CTC isolation strategies, we have developed an inexpensive ‘lab on a chip’ device 
for the enrichment, staining, and analysis of rare cell populations. This device utilizes 
immunomagnetic positive selection of antibody-bound cells, isolation of cells through an 
immiscible interface, and filtration. The isolated cells can then be stained utilizing 
immunofluorescence or used for other downstream detection methods. We describe the 
construction and initial preclinical testing of the device. Initial tests suggest that the device 
may be well suited for the isolation of CTCs and could allow the monitoring of cancer 
progression and the response to therapy over time. 
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INTRODUCTION 

Circulating tumor cells (CTCs) found in the peripheral blood originate from solid tumors 
and are involved in hematogenous metastatic spread [1]. Research on using CTCs as 
biomarkers has become a hot topic in the cancer community and the use of peripheral 
blood as a ‘real-time liquid biopsy’ for the detection, isolation, and characterization of 
CTC’s continues to be developed as an alternative to standard biopsies [2-6]. Liquid biopsies 
can be performed repeatedly with low risk for side effects, making them an attractive 
approach for monitoring cancer progression and response to therapy over time [7-10]. A 
disadvantage of existing methods to isolate and analyze CTCs is that they often require 
various transfer, wash, and staining steps, which are time consuming, expensive and risk 
the loss of these rare cells [11-14]. To overcome the limitations of existing CTC isolation 
strategies, we have developed an inexpensive ‘lab on a chip’ device for the enrichment, 
staining, and analysis of rare cell populations. Our device combines three different principles 
for the isolation of CTCs, namely immunomagnetic positive selection of antibody-bound 
cells, isolation of cells through an immiscible interface, and filtration. This combination 
makes it possible to integrate rare cell isolation with downstream molecular detection 
methods on a single platform. 

METHODS AND MATERIALS

The Surface Tension and Magnetophoretic Device is depicted in Figure 1. The overall device 
is supported with a base that sits on the lab bench. The device consists of a base plate, a 
sieve, a sieve gasket, and a cap plate that is guided by dowel pins and attaches to the plate. 
The cap mounts and seals the sieve on the plate.

Figure 1. The Surface Tension and Magnetophoretic 
device for rare cell isolation
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Details of the device design are shown in Figure 2. The base plate includes an input well 
with a tapered funnel like surface into a surface tension channel. The surface tension 
channel links the input and the output well. The well height and widths of both wells are 
constrained such that the input well has a 500 mL capacity and the output well has a 400 
mL capacity. The output well is filled with a washing solution such as phosphate buffered 
saline (PBS). Furthermore, the output well has a 8.0 μm polycarbonate microporous 
membrane sieve (PCT8025100 Polycarbonate, Sterlitech Corporation, USA), which is chosen 
for a pore size that is capable of trapping antibody-bound cells. This membrane sieve is 
sealed with a gasket under the output well. Furthermore, a syringe attaches to the end of 
the device and a drain well located under the channel communicates to the port of this 
syringe to extract the washing solution by passing it through the filter. 

Figure 2. Details of the device: a) view, b) exploded view, c) details, d) cross section
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During operation, the surface tension channel is filled with 10 μL of olive oil; a high 
surface tension solution. Previous studies have shown that immiscible phase filtration 
(IPF) holds great promise for the isolation of e.g. proteins [15], cells [16], and nucleic 
acids [17]. As the surface tension is more dominant then gravity, the oil acts as a virtual 
wall between the immiscible phase (channel with olive oil) and both aqueous phases 
(input and output well with PBS) [18]. As both fluids have a different density, they will 
not mix and it is thereby not possible for cells or contaminants to move on their own 
from the input to the output well. By labeling the cells of interest (cancer cells) with 
magnetic beads and simply passing a magnet underneath the device (from input to output 
well), only the cells labeled with magnetic beads will be able to overcome this dominant 
surface tension and will be pulled through the surface channel into the output well. 
Thereby it is possible to filter ‘unwanted cells’ in one single step and maintaining the 
viability of the cells of interest, without the need for centrifugation and multiple washing 
steps [19]. 

Cell preparation
Immortalized LNCaP and DU145 prostate cancer cells were utilized to test the ability 
of the device to isolate cancer cells. Cell lines are maintained at 37°C and 5% CO2 in 
RPMI culture media (Life Technologies, Grand Island, NY) supplemented with 10% fetal 
bovine serum (Gibco, USA). Before running experiments, cells were incubated for 15 
minutes at 37°C with enzyme free, PBS-based Cell Dissociation Buffer (Gibco, USA) and 
subsequently re-suspended in 2 mL of RPMI. Next, this sample is stained with (1μL/
mL sample) CellTracker Green CMFDA (Life Technologies, Oregon, USA) and incubated 
for 30 minutes at 37°C. This contributed to the visualization of the cytosol of the cancer 
cell. 
 
Paramagnetic particle preparation
The paramagnetic particles (PMPs) used for the enrichment of the prostatic epithelial tumor 
cells were 4.5 μm ‘CELLection Epithelial Enrich DynaBeads’ that were coated with anti-
EpCAM antibody (ThermoFisher Scientific, Waltham, MA). Furthermore, in separate 
experiments 4.5 μm Dynabeads coated with anti-CD45 antibody (ThermoFisher Scientific, 
Waltham, MA) were used as a negative control to account for non-specific cell capture. 
Before using the beads, the stock buffer solution had to be removed from the antibody-
labeled PMPs by washing and re-suspending them twice in PBS. In order to attract these 
PMPs, and implicitly the antibody-bound cells, a magnet was manually and freely moved 
under the device. This motion induced by a magnetic field on a particle of magnetic material 
in a fluid is called magnetophoresis.
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Experimental setup
A known number of stained cancer cells (1000 cells, measured with the Cellometer System 
(Nexcelom, Bioscience, USA) was spiked into vials filled with 500 μL RPMI. Subsequently 
different quantities (0.5, 5.0, 25 or 50 μL) of anti-EpCAM or anti-CD45 PMPs were added 
to these samples. Next, these cell suspensions were admixed on a shaker at 4°C for 30 
minutes, while gently twisting and shaking to allow binding.
After 30 minutes, the prepared cell solution was placed in the input well and the magnet 
was placed under this well. With slow advancement of the magnet under the channel 
towards the output well, bound cells of interest traversed the immiscible oil channel and 
entered the output well. The syringe was then used to extract the washing solution by 
passing it through the filter. Once these processes were complete, the filter was removed 
and handled over on a glass slide (VWR Superfrost Plus, USA) and Diamond anti-fade 
mounting media containing DAPI (Life Technologies, Grand Island, NY) was used to 
coverslip the slides.
 
Slide scanning and analysis
After mounting the membrane on a glass slide, the slides were imaged with Metasystems 
(Newton, MA) Metafer5 – MetaCyte scanning software. Images of the cells were generated 
by the software based on fluorescence [20]. As we conducted spiking experiments of solely 
cancer cells (with a fluorescent green cytosol) in RPMI, there was no need to stain for 
epithelial markers [9, 21]. Therefore the cell selection algorithm was based on the following 
criteria: having a nucleus (DAPI+), a green cytosol (CellTracker Green) and a cellular shape 
(roundness). Extracted image data were then transferred to the MATLAB R2016a program 
(Mathworks, Natick, MA), which counted the number of captured cells.

RESULTS

Cell-spiking experiments were conducted to determine the recovery rate of the device. 
Before starting the experiments, EpCAM expression in both cell lines was determined to 
be high by flow cytometry. These experiments showed an EpCAM expression of nearly 
100% in both cell lines.  
The initial pre-clinical spiking experiments showed that both cell types could be captured 
(Figure 3) with an increase in recovery up to approximately 95% using 50 μL of anti-
EpCAM Dynabeads (n=10 per concentration for both cell lines). Anti-CD45 Dynabeads 
were also tested as a negative control to account for non-specific cell capture (n=5 per 
concentration for both cell lines). This demonstrated a low rate of recovery across tested 
concentrations [22].
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Results demonstrated a recovery percentage above 100% in two experiments. This is likely 
due to the fact that the Cellometer (which estimates the number of cancer cells in 1 mL of 
sample) is not 100% accurate, with the result that the number of spiked cancer cells 
unfortunately could never have been exactly 1000 cells. To increase the reliability of future 
spiking experiments a single cell manipulator can be used by which the preferred number 
of cells from the plate can be aspirated, whereupon these can be added to the sample.  In 
addition, the software for counting the number of captured cells did not always recognize 
clusters, adding to potential inaccuracies in counting. 

Another potential problem in using anti-EpCAM labeled magnetic beads to select CTCs 
is the fact that during disease progression the expression of EpCAM and other epithelial 
cell surface markers may change or decrease [22-25]. Furthermore, several studies have 
shown that CTCs are not the only cells in peripheral blood on which EpCAM is expressed, 
as it could also be expressed on cells of hematopoietic lineage [23-25]. Nevertheless, EpCAM 
was utilized here as a ‘proof of principle’ phenotypic cell marker as this is currently the 
most common cell surface marker utilized in CTC detection [7].
Furthermore, as patient samples are utilized in future studies, PMPs capable of binding to 
all the rare cells of interest (e.g. via a linking antibody/streptavidin-labeled Dynabeads) 
will be utilized. These beads can bind to ‘disease-specific’ markers of interest, which may 
be expressed during the progression of a patients’ disease [21]. Lastly, we used CellTracker 
Green as a proof of principle for the sensitivity of the device. When switching to patient 
samples, this dye will no longer be used for the visualization of the cells, because all cells, 
including white blood cells, would be labeled. However, following EpCAM-mediated 

Figure 3. Example of a prostate cancer cell (DU145) captured and visualized on the membrane. Red = magnetic 
beads, green = cytosol, and blue = nucleus.
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isolation of tumor cells, future strategies for visualization of the cells could include 
immunofluorescence methods or fluorescence in situ hybridization directly on the 
membrane of the device.

In this paper a microfluidic device is introduced with which it is possible to isolate tumor 
cells with a high sensitivity. Future experiments will be conducted to ascertain specificity. 
The first step will be switching to a cell suspension derived from a biologic fluid. Tumor 
cells will be spiked into blood (circulating tumor cells) or bone marrow (disseminated 
tumor cells) and processed as described previously [26-28].

Figure 4. Percent recovery (%) of: a) DU145 prostate cancer cells and b) LNCaP prostate cancer cells, using 
different volumes of anti-EpCAM Dynabeads (n=10 per concentration), as well as a negative control using anti-
CD45 Dynabeads (n=5 per concentration).
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CONCLUSION 

There continues to be a need for simple, non-invasive and inexpensive tests for the isolation 
and characterization of circulating tumor cells. This device combines 3 different methods, 
namely isolation of cells through an immiscible interface, using the surface tension channel; 
immunomagnetic positive selection, using the magnetophoretic property of the magnetic-
bead-bound cancer cells; and filtration, using the microporous membrane sieve. This 
combination makes it possible to integrate rare cell isolation with downstream molecular 
detection methods in a single platform. Initial tests suggest that the device may be well 
suited for the isolation of CTCs. Processing on one device saves time and reagents and 
reduces the risk of sample loss. Further development of the presented technology could 
potentially allow the monitoring of cancer progression and the response to therapy over 
time and thereby facilitate personalized treatment strategies and improved outcomes.
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ABSTRACT 

It has been reported that disseminated tumor cells (DTCs) can be found in the majority of 
prostate cancer (PCa) patients, even at the time of primary treatment with no clinical 
evidence of metastatic disease. This suggests that these cells escaped the primary tumor 
early in the disease and exist in a dormant state in distant organs until they develop in some 
patients as overt metastases. Understanding the mechanisms by which cancer cells exit the 
primary tumor, survive the circulation, settle in a distant organ, and exist in a quiescent 
state is critical to understanding tumorigenesis, developing new prognostic assays, and 
designing new therapeutic modalities to prevent and treat clinical metastases.  

Highlights
• Disseminated tumor cells can be found in the majority of prostate cancer patients, even 

without clinical evidence of metastatic disease.
• The identity and characteristics of circulating and disseminated tumor cells remains 

unclear. 
• Autocrine and paracrine signals are likely needed to induce a proliferative switch in 

dormant prostate cancer DTCs.
• Therapies to ‘treat’ DTCs need to be developed.
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INTRODUCTION

PCa will account for about one-quarter of new cancer diagnoses in men in 2015, with 
202,800 estimated new cases and will be the second most common cause of cancer-related 
deaths in the United States with 27,540 estimated deaths [1]. Many patients with no evidence 
of metastatic disease undergo treatment for cure with surgery or radiation. Unfortunately, 
many of these patients develop a recurrence and ultimately succumb to their disease. 
Understanding how, when, and why these patients developed disseminated disease remains 
a high priority for the field. 
Cancer can theoretically metastasize to almost every organ of the body and these metastases 
play a central role in most cancer-related deaths. Tumor cells mainly travel to distant sites 
through the blood. Important steps in haematogenous metastasis in solid tumors include 
migration and invasion of those cells from the primary tumor into the blood vessels, 
circulation in the bloodstream (circulating tumor cells), dissemination to distant sites 
(disseminated tumor cells), and extravasation and eventual colonization in metastatic 
niches/sites [2] (Graph 1).

Circulating tumor cells
As early as 1869, Asworth noted that cancer cells could be found in circulating blood [3]. 
Although this was almost 150 years ago, the identity and role of circulating tumor cells 
(CTCs) in cancer metastasis remains unclear. Over the last decade, research on developing 
CTCs as minimally invasive multifunctional biomarkers has become the “Holy Grail” of 

Graph 1. Overview of metastatic cascade and seeding of metastatic sites.
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the cancer community. The detection, capture, and characterization of CTC’s in peripheral 
blood as a ‘real-time liquid biopsy’ continues to be developed as an alternative to standard 
biopsies. A benefit of the liquid biopsy is the fact that it can be conducted repeatedly with 
low risk for side effects, monitoring cancer progression and response to therapy [3] [4] [5]. 

The fate of CTCs remains unclear. What percent of cells survive transit in the blood stream 
to a target organ? Are they passively sloughed into the circulation or do they actively migrate 
out of the tumor? When do they start leaving the primary tumor? What determines how 
frequently they lodge in one distant site versus another? This has made the characterization 
of disseminated tumor cells (DTCs) critically important. Even less, however, is known about 
the character of DTCs. The presence of a DTC in a PCa patient, for example, does not 
necessarily mean that he will develop a clinically evident or overt metastasis. While it is 
still not possible to directly prove that DTCs initiate metastases, there is indirect evidence 
that DTC’s can develop into overt clinical metastases. Disseminated epithelial cells are 
rarely found in healthy persons/individuals, and their presence in the bone marrow of 
patients with prostate cancer significantly reduced metastasis-free survival [6].

Prostate Cancer Metastasis
PCa cells mainly metastasize to bone sites. The majority of men with clinically localized 
PCa who develop these bone metastases do so many years after the resection of the primary 
tumor. This demonstrates a delay between the initial treatment and the biochemical 
recurrence (BCR), the first sign of future overt metastasis - suggesting that cancer cells 
escaped early in the disease (prior to surgery or radiation) and are able to stay dormant in 
the bone marrow for years before switching to a proliferative phenotype and eventually 
causing metastatic progression [7] [8]. This data makes PCa a good target to investigate 
the role of DTCs in cancer dormancy and metastasis. The questions arise, why do certain 
cancers recur after long periods of time, while others remain dormant? What happens with 
the DTC’s while they stay dormant and what causes the dormant DTC’s to start proliferating? 
[8] [9] (Box 1).

Different types of cancer dormancy
There are many theories to explain how DTCs are kept in a dormant state before they 
emerge as a clinically evident metastasis. Cancer dormancy may be divided physiologically 
into ‘cellular dormancy’ or ‘tumor mass dormancy’. The latter can be subdivided into 
‘angiogenic’ and ‘immunologic’ dormancy. It is increasingly appreciated that the 
microenvironment has an important role in conferring and maintaining these states [10] 
[11]. ‘Cellular dormancy’ is a state in which individual cells are quiescent and halted in 
the G0 phase of the cell cycle. One of the major causes for cancer cells to enter this type of 
dormancy appears to be hypoxia of the microenvironment. Dormant cells can re-enter the 
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cell cycle (and thus exit the G0 arrest) and resume proliferation when the circumstances 
are favorable, for instance with the addition of growth factors, cytokines and nutrients. The 
second mechanism, ‘angiogenic dormancy’, is caused by the lack of angiogenesis, and 
thereby nutrients, which prevent cancer cells from proliferating. The tumor mass is kept 
constant and at a limited size, due to a balance between proliferation and apoptosis of cells. 
The third mechanism which can cause dormancy is ‘immune surveillance’, where the 
immune system keeps a proliferating tumor mass limited to a constant size via persistent 
cytotoxic activity; i.e, ‘immune-mediated dormancy’ [9] [11] [12] (Figure 1).

An important property of dormant DTCs as opposed to senescent DTCs is the fact that 
they retain the capability to proliferate, but that they are by definition currently not dividing. 
This is determined by the lack of proliferating markers (for example Ki-67) when DTCs 
are profiled at the single-cell level. This makes them resistant to chemotherapies targeting 
cell division [13] [14]. Multiple other factors in different studies are suggested to contribute 
to the development of chemotherapy resistance in PCa patients; i.e. ABCG2 activation, 
inhibition of apoptosis, overexpression of P-glycoprotein and multidrug resistance gene 1, 
and mutational alterations in the tubulin gene [15]. A recent study by Hao et al. 
demonstrated in a preclinical model the role of both CD44 and CD147 in the enhancement 
of metastatic capacity and chemoresistance of PCa cells. They propose that selective 
targeting both factors alone or combined with docetaxel may limit PCa metastasis and 
increase chemosensitivity [16].

Figure 1. Overview: from primary tumor to clinical metastasis.
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The hematopoietic stem cells niche 
Critical to understanding dormancy in the bone marrow microenvironment is the 
hematopoietic stem cell niche. The tumor microenvironment consists of many different 
cell types - tumor cells, cancer stem cells (CSC), endothelial cells, target organ cells, 
immune inflammatory cells and fibroblasts. Studies have demonstrated that CTC’s target 
the same niche in bone marrow (BM) that houses hematopoietic stem cells (HSCs) and 
that DTCs co-localize with HSCs in the BM. Competition transplant studies have 
demonstrated that DTCs compete directly with HSCs for occupancy of the niche. The 
result of these factors is that those ‘niche-engaged’ PCa cells are more resistant to 
therapeutic intervention, either by becoming quiescent or through other protective 
mechanisms of the bone marrow environment [17] [18]. Factors known to drive and 
maintain hematopoietic stem cell (HSC) quiescence (for example, CXCR4, stem cell 
factor-1 (SDF-1) and angiopoietin 1 (ANG1)) may also act on DTCs in the bone marrow 
[19]. PCa cells express CXCR4, a member of the seven-transmembrane G-protein-coupled 
chemokine receptors. The stromal cells in the HSC niche, in particular the osteoblasts 
secrete SDF-1, the ligand for CXCR4. The migration of cancer cells and the adhesion to 
niche cells are regulated by the interactions between these 2 factors. It has been shown in 
different studies that inhibition of CXCR4 and application of the granulocyte-colony 
stimulating factor (G-CSF) in mice releases BM-engrafted disseminated prostate cancer 
cells into the circulation, which in turn demonstrated that HSCs and PCA cells are tethered 
to niches in BM by the same signal [20] [21].

A study by Taichman et al. showed earlier that the HSC niche in the BM was able to 
promote cellular tumor dormancy. They demonstrated that prostate cancer cell lines 
express the growth-arrest specific 6 receptors (GAS-6, derived from osteoblasts), Axl, 
Tyro3 and Mer. In vivo studies showed that when Axl levels predominate, the prostate 
cancer cells became growth arrested and remained quiescent (in response to GAS-6), 
compared to the PCa cells that express a low Axl/tyro ratio, which were able to escape 
from dormancy. This study showed a possible association of the expression ratio of Axl 
and Tyro3, with the ability of PCa cells to switch between a dormant and proliferative 
phenotype in the metastasis process [22] [23].

Different cell intrinsic factors and signals from the microenvironment (secreted as part of 
their normal activity) are associated with an alteration of the molecular and cellular 
pathways of the DTCs, which can result in a switch between a dormant and proliferative 
phenotype [24]. For example, endothelial-derived trombospondin 1 (TSP1), bone 
morphogenic protein 7 (BMP7), transforming growth factor-β2 (TGF-β2) and growth 
arrest-specific 6 (GAS6) can mediate DTC quiescence in bone marrow. BMP7 is a TGF-β 
family member and is secreted by bone marrow stromal cells. This protein is capable of 
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inducing inhibition of ERK and p38 activation that can induce dormancy in PCa tumor 
cells [12] [25]. Bragoda et al. demonstrated in a head and neck squamous cell carcinoma 
model that stromal cells in the BM can produce TGF-β1, which can upregulate the p38/
ERK ratio in DTCs, which then remain dormant. To induce cell growth arrest, TGF-β2-
induced dormancy was required; this was achieved by TGF-β receptor 1, TGF-β receptor 
III and SMAD1/5 activation. Systemic inhibition of TGF-β receptor 1 or p38 activates 
dormant DTCs, which lead to metastasis [26]. In addition, a recent patient-derived 
xenograft (PDX) model, showed in vitro that cellular adhesion of prostate cancer cells with 
each other and with BM stroma activates the cells to proliferate and promotes them to 
escape from dormancy. Furthermore, global gene expression showed a downregulation of 
TGF-β2 in the PCa PDX lines when proliferating, compared to the cells that were not 
proliferating; thus this could be a possible mechanism for PCa cells to escape from 
dormancy as well [27].

In a study about the formation of bone metastatic lesions in breast cancer (BCa) patients, 
an important role has been found for VCAM-1, a cell adhesion molecule that recruits 
osteoclast progenitors and elevates the local osteoclast activity. They showed in a bone 
metastatis dormancy model that the expression of VCAM-1 promoted a metastatic 
outgrowth in the bone in breast cancer cell lines [28]. Although PCa bone metastases are 
mostly caused by osteoblastic activity, a study of Morrisey et al. showed a subset of PCa 
bone metastases samples obtained from rapid autopsy, a variety in osteolytic activity. Since 
osteoblastic and osteoclastic activities are often coupled, this suggests that there may be an 
important role of VCAM-1 for the prevention and inhibition of metastatic recurrence in 
the bone of PCa patients [29] (Figure 2.).

Figure 2. The different types of dormancy and potential important factors that can keep the disseminated 
tumor cells in a dormant state.
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Detection of circulating and disseminated tumor cells
Many different assays have been developed for the detection of CTCs in whole blood samples, 
including microfluidic chips and methods based on size-exclusion, red blood cell lysis, and 
density separation. A novel method that does not rely on any single protein strategy is the 
Epic CTC platform. With this method, all nucleated cells are retained as a blood smear on 
“sticky” slides and stained with fluorescent antibodies, e.g. against cytokeratins, CD45 and 
DAPI, and subsequently imaged with a high definition scanner. An advantage of this system 
is the capability to analyze multiple parameters for the characterization of CTCs without 
enrichment [30]. Another novel non-invasive method to monitor CTCs and tumor evolution 
over time, based on density separation, is the Rarecyte system which also saves nucleated 
cells on positively charged slides for analysis [31].
The only FDA-approved assay for CTC detection in patients with metastatic breast, prostate 
and colon cancer is the Cellsearch system; an immunomagnetic system for the enumeration 
of circulating tumor cells of epithelial origin. It defines a CTC according to its size, lack of 
the leukocyte marker CD45, and positivity for EpCAM and CK. The enrichment of CTCs 
is achieved by using immunomagnetic antibodies against EpCAM [4] [5] [32] [33].
There are no FDA-approved assays to detect DTCs, which make it difficult to standardize 
detection of PCa DTCs as the field attempts to determine the significance of disseminated 
cells at the time of primary therapy [34]. CTC systems are being adapted to isolate and 
detect DTCs in the BM [24]. Another technique used for the detection of DTCs is the 
reverse transcriptase polymerase chain reaction (RT-PCR) to detect PSA. For this technique 
there is no enrichment required, due to high reaction sensitivity. Disadvantages of this 
technique include lack of “seeing” the DTCs (not allowing for characterization) and the 
fact that some PCa DTCs do not express PSA (with the result that the presence of DTCs 
could be underestimated) [9].

Strategies to treat dormant disseminated tumor cells
Given the recent data about DTCs and their role in formation of metastases, the question 
arises whether it would be better to target these DTCs while they are still dormant. There 
are theoretical strategies to ‘treat’ dormant DTCs. One idea is the ‘chronic dormancy 
maintenance therapy’ to keep the dormant tumor cells quiescent. Another strategy is the 
use of ‘niche-targeted agents’ to sensitize the DTCs to cytotoxic treatment, thereby killing 
the dormant DTCs. Either strategy could result in metastasis prevention. 

Chronic dormancy maintenance therapy
This treatment strategy could be achieved by the chronic activation of several pathways 
which drive tumor cells in a dormant state (i.e. P38) or by the use of small molecules that 
mediate DTC quiescence (i.e. TSP1) [35]. Possible drawbacks of keeping DTCs dormant 
include long-term effects of chronic systemic induction of these factors on physiologic 
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processes in the body. TSP1 has, for example, anti-angiogenic potential besides its anti-
tumor function. [18] Moreover, when supplementing niche-derived factors, it is still possible 
that dormant DTC may eventually switch to a proliferative phenotype; so this type of 
treatment will may give the patient a feeling of false security. Current strategies for chronic 
dormancy maintenance are only in preclinical testing.

‘Niche targeted agents’ 
Existing chemotherapies are not sufficient to eradicate disseminated prostate cancer cells, 
once they are established in the bone. A critical component of the ‘targeted niche therapy’ 
is that agents that induce HSCs to leave the niche also stimulate cell cycle progression [12]. 
If similar agents can release PCa DTCs out of the BM niche, then the DTCs should become 
more sensitive to the chemotherapeutic agents that target cells in cell cycle. In this way, 
DTC can be mobilized and targeted with existing therapies. These types of niche eviction 
strategies are in clinical trials.

‘Indirect targeting’
A recent clinical trial by Banys et al. in patients with breast cancer showed that zoledronic 
acid (an inhibitor of osteoclast-mediated bone resorption) is able to contribute to DTC 
eradication in the bone marrow. They propose that the positive influence of the 
bisphosphonates on survival in the adjuvant setting may be due to their effects on DTCs. 
More research is needed to answer the question whether zoledronic acid really has impact 
on DTCs in PCa patients and if this treatment can maybe prevent these patients for 
developing metastasis [36].

CONCLUSIONS AND FUTURE PERSPECTIVES

Much remains to be learned in the fields of CTCs, DTCs, and cancer cell dormancy. In vitro 
models and standardized methods to detect and isolate CTCs and DTCs are needed. It 
appears that many autocrine and paracrine signals are needed to induce a proliferative 
switch in dormant prostate cancer DTCs. Potential treatment strategies are in development 
to target dormant DTCs or their environment, with the aim to keep them dormant or to 
eradicate them from the BM. Since which patient will eventually develop metastatic disease 
cannot be currently predicted, it is difficult to determine which patients will receive a benefit 
from targeting dormant cancer cells. Future research must be done to determine if all early-
stage patients with detected DTCs in the BM, but with no other signs of disease, should be 
treated. 
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ABSTRACT

Despite early detection and treatment advancements, prostate cancer patients continue to 
succumb to their disease. Minimal residual disease may lead to relapse and distant 
metastases, and increasing evidence suggests that circulating and bone marrow disseminated 
tumor cells (CTCs and BM-DTCs) can offer clinically relevant biological insights into 
prostate cancer. In this review, we emphasize the pitfalls of using epithelial markers to 
accurately detect CTCs and BM-DTCs and discuss the pressing need for prostate-specific 
markers in the detection of these cells using rare cell assays. We have assembled a 
comprehensive list of published putative prostate-specific markers and posit an ideal 
strategy for staining rare cancer cells from liquid biopsies. The ideal prostate-specific marker 
is expressed on every CTC/BM-DTC throughout disease progression (high sensitivity), 
and is not expressed on non-prostate cancer cells in the sample (high specificity). We 
conclude that some markers are likely not specific enough to the prostate to be used as 
individual markers of prostate cancer cells, whereas other genes may be truly prostate-
specific and would make ideal markers for rare cell assays. The goal of future studies is to 
utilize sensitive and specific prostate markers to consistently and reliably identify rare cancer 
cells. 

Key points
• Liquid biopsies, particular from bone marrow, may allow for the detection of recurrent 

disease before overt lethal metastasis develops.
• Prostate cancer cells from liquid biopsies, particularly bone marrow, are rare and 

extremely difficult to identify accurately.
• Prostate-specific markers may help identify rare prostate cancer cells from liquid biopsies 

using rare cell immunofluorescence assays.
• Expression of putative prostate-specific markers is not always constrained to prostate 

cells. Expression of candidate markers for rare cell assays must be ascertained on an 
individual basis as to their sensitivity and specificity.

• Immune cells in the blood and bone marrow provide a significant source of non-specific 
staining, so measures must be taken to reduce this background staining.

• Combinatorial staining of multiple prostate-specific markers will increase accuracy in 
identifying rare prostate cancer cells in liquid biopsies to understand the role and clinical 
application of these important cells. 
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INTRODUCTION

Prostate cancer (PCa) is the most common cancer and the second most common cause of 
cancer-related deaths in men in the US 1. Despite advances in PCa screening, surgery, 
hormone-related therapies, and chemotherapies, approximately 27,000 men still die of 
metastatic PCa each year in the U.S. Of the patients diagnosed with early-stage PCa, nearly 
half of them will not die of their disease without treatment. The other half of patients will 
undergo treatment, by either radical prostatectomy or radiation therapy, with the goal to 
cure their disease. Unfortunately, approximately 30% of these patients recur biochemically, 
based on rising prostate specific antigen (PSA) levels in blood (Figure 1) 2. Approximately 
40% of men with biochemical recurrence will develop metastatic disease, and 100% of those 
patients will succumb to their disease 2. Notably, 100% of men who died of PCa and who 
were autopsied had PCa present in their bones 3. Metastases often appear years after primary 
treatment, indicating that tumor cells must have escaped the primary tumor prior to therapy 

Figure 1: Timing of tumor dissemination through prostate cancer progression. Approximately 70% of men 
who are diagnosed with prostate cancer and treated with either radical prostatectomy (RP) or radiation therapy 
(RT) will be cured, but 30% (blue and orange stick figures) will develop biochemical recurrence based on the 
prostate specific antigen (PSA) blood test. Of these men, about 40% (blue stick figure) will fail treatment 
(hormone therapy and/or chemotherapy) and progress to castration resistant metastatic disease, for which 
there is no cure. Few experimental data exist regarding the timing of dissemination of cancer cells to the bone 
marrow. The detection and study of rare cancer cells throughout the natural history of prostate cancer could 
enable the earlier identification of high-risk patients for metastatic disease. This would, in turn, allow for earlier 
intervention and the design of therapies aimed at preventing metastasis. CTC: circulating tumor cell; BM-DTC: 
bone marrow disseminated tumor cell; and Rx: treatment.
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and disseminated to distant sites 4-6. Tumor cell dissemination and metastasis is a 
complicated multi-step process 7 that requires primary tumor cells to enter the vasculature, 
where they are referred to as circulating tumor cells (CTCs). Most CTCs are unable to 
withstand the shear stress, immune surveillance, and lack of cell-cell adhesion in the 
circulation and will die prior to reaching distant sites. CTCs that are able to exit the 
circulation and establish residence at a distant site, such as the bone marrow (BM), are 
called disseminated tumor cells (DTCs; we will refer to DTCs in the BM as BM-DTCs). 
The specific timing of this cellular dissemination process in the natural history of PCa 
progression prior to metastatic development is largely unknown but highly intriguing 
(Figure 1). Metastatic PCa remains incurable, and current imaging modalities are not 
sensitive enough to detect individual cancer cells or small colonies of disseminated cells. 
If CTCs and BM-DTCs can be identified prior to the formation of overt metastatic lesions, 
treatments can be aimed at preventing metastasis altogether 8-10. 

Fine needle biopsies are the standard for PCa diagnosis and prognosis, but they are invasive 
and can cause significant morbidity. Therefore, there is much appeal for investigating the 
clinical utility of minimally invasive liquid biopsies to use CTCs and BM-DTCs as biomarkers 
of disease 11-13. Accurate detection of these cells will also allow for their biological 
characterization, in which therapies can be more precisely targeted to the mechanisms 
leading to recurrence. Although we will focus mostly on CTCs and BM-DTCs, liquid biopsies 
can also provide clinically relevant information in the form of cell-free circulating tumor 
DNA (ctDNA) and exosomes, both of which can also be present in urine (Figure 2) 14-16. 
Liquid biopsies can provide a real-time non-invasive snapshot of the total tumor burden of 
a patient and can furthermore provide important complementary information on therapeutic 
targets and mechanisms of drug resistance. De Bono et al. previously reported that the 
number of CTCs found in patients with castration-resistant prostate cancer (CRPC) could 
predict overall survival. Patients with £5 CTCs (per 7.5 mL of blood) survived 10.2 months 
longer than patients with >5 CTCs (using EpCAM-based purification methods) 17. Other 
studies have correlated the number of CTCs in metastatic PCa to therapeutic response and 
survival, while limited, but emerging studies have been paralleled in pre-metastatic PCa 
patients 18-23. As such, CTC data from blood draws are extremely clinically relevant, and 
will continue to be so. Clinical correlations have not been as rigorously assessed for BM-
DTCs, as bone marrow is more difficult to obtain, and it is more difficult to identify BM-
DTCs than CTCs due to decreased marker specificity. While CTCs will likely play a more 
important role in providing clinically relevant data real-time, BM-DTCs may represent a 
more important cell population, as they have successfully migrated from the primary tumor 
to a distant site. We propose that BM-DTC data will provide much-needed information 
about timing of dissemination, as well as the genetic and epigenetic qualities of a successfully 
disseminated and proliferating cancer cell. As such, our ultimate goal is to determine 
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prostate-specific markers that identify BM-DTCs for downstream analysis with good 
sensitivity and specificity.

It is important to understand the lethal characteristics and clinical application of CTCs and 
BM-DTCs after they are reliably detected. The two most commonly used methods for CTC 
detection are reverse transcription PCR (RT-PCR) and fluorescence-based immunostaining 
(referred to as immunofluorescence, or IF). FISH (fluorescence in-situ hybridization) can 
be used as a tool similar to IF and PCR to identify CTCs via RNA expression, thereby 
helping to define the different gene expression patterns within these cells 24. Each of these 
methods has its own set of advantages and limitations (Table 1), but IF has certain 
advantages that allow for further biological characterization of functional activity at the 

Figure 2. Liquid biopsies in cancer
Schematic overview of liquid biopsy sampling from blood or bone marrow in order to detect circulating tumor 
cells (CTCs), bone marrow disseminated tumor cells (BM-DTCs), circulating tumor DNA (ctDNA), and/or exosomes. 
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time of detection. Many different assays exist for the detection of CTCs (very few exist for 
BM-DTCs), and most rely on positive selection of cancer cells or negative selection of 
leukocytes, though selection-free methods also exist 25-27. Most also involve the separation 
of red blood cells from white blood cells and cancer cells, which is commonly done via 
microfluidics chips, red blood cell lysis buffers, and/or centrifugation-based separation 
26-29. The type of detection methodology will change the resulting cell population and 
molecular composition that is analyzed, as certain cell types may be enriched or lost based 
on the experimental conditions. For instance, analyzing whole blood RNA for a specific 
marker without including a selection step will not yield meaningful results about the 
specificity of that marker to cancer cells. Many studies have used selection methods (usually 
via epithelial selection based on EpCam expression or size-based selection using a 
microchip) to detect CTCs from blood using RT-PCR, multiplex PCR, or digital droplet 
PCR 30-37. These studies show that RT-PCR is extremely sensitive for CTCs, but no such 
success has been found in BM-DTCs. 

Current standard markers used for CTC detection via IF include a nuclear marker (usually 
DAPI), a marker for white blood cells (WBCs; usually CD45) and one or more epithelial 
markers (usually EpCAM and/or pan-cytokeratin) 17,38. A major limitation of relying on 
epithelial markers for CTC identification is that several studies have shown previously that 
these markers are not always highly expressed on cancer cells, and have also been shown 
to be expressed on cells of hematopoietic lineage 39-44. Furthermore, it is thought that CTCs 
lose their epithelial phenotype after undergoing epithelial to mesenchymal transition (EMT) 
to escape the primary tumor, and thus they may lose EpCAM and/or cytokeratin (CK) 
expression 45-50. While EpCAM-based detection methods have been the most common 

Table 1. Comparison of RT-PCR and immunofluorescence methods for CTC/BM-DTC detection 

RT-PCR Immunofluorescence

Analyte RNA Protein

Advantages Very high sensitivity
Optimization of primers is trivial
Rapid analysis

Can determine number of cancer cells 
present in a given volume
Permits co-expression data on same cell by 
multiplexing
Permits biological characterization
Permits further downstream analysis 
through single cell picking

Limitations Does not indicate number of cancer cells 
present
Co-expression data per cell unavailable
RNA expression does not always correlate 
with protein expression
Does not permit biological characterization

Not as sensitive as RT-PCR
Antibody performance dependent on many 
factors
Different staining protocols can give 
different results
Lengthier analysis
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method to identify CTCs, it is unknown how frequently this loss of epithelial characteristics 
occurs. In addition, the blood, and particularly the BM, contains a vast heterogeneity of 
cells, many of which are stem or other cells that can epigenetically alter their phenotype. 
This can lead to false positive immunostaining, in which the detection marker is no longer 
specific for prostate cells. Once CTCs are isolated, further characterization can be performed 
by using different functional assays, such as EPISPOT, which detects specific proteins during 
the in vitro culturing of CTCs 51. Another example is the cancer cell line-derived xenografts 
(CDXs), by which cancer cells from cell lines or patient-derived CTCs are injected into 
immune-compromised mice, after which metastases will develop 52,53, although this has not 
been successful in PCa. This can give important in vivo information for more individualized 
treatment of cancer patients. 

We posit that the use of prostate-specific markers to identify prostate CTCs and BM-DTCs 
will allow for more sensitive and specific detection of these rare cancer cells. So far, the 
identification of these markers for rare tumor cells has been challenging, as some reported 
prostate-specific markers are not very sensitive (not expressed in all PCa cells) or specific 
(also expressed by other cells in the blood or BM) (Supplemental Table 1). Many studies 
on these markers have only assessed expression of protein at the tissue level (e.g. IHC on 
formalin-fixed paraffin-embedded tissue) or RNA in whole blood (e.g. RT-PCR), neither 
of which represents true sensitivity or specificity at the rare cell level. Therefore, this 
manuscript makes clear that each of these markers should be assessed in rare cell assays in 
blood and BM samples before any conclusion can be made as to their utility in liquid 
biopsies. Also, dedifferentiation and loss of prostate-specific markers can occur in a 
significant proportion of poorly differentiated prostatic adenocarcinomas 47,54,55. It is thus 
imperative that we find highly sensitive and specific prostate markers that are expressed 
during all the stages of a patients’ disease, expressed on every tumor cell, and not expressed 
on any blood or BM cells. In this review, we will discuss what is known about the putative 
prostatic lineage markers and highlight their pros and cons in the detection of CTCs and 
BM-DTCs (Table 2).

PROSTATE SPECIFIC  MARKERS

Prostate specific antigen and other kallikreins
Prostate specific antigen (PSA, also known as kallikrein related peptidase 3, or KLK3, and 
human glandular kallikrein 3, or hK3) is currently the most important and clinically useful 
marker in PCa screening. Secretory epithelial cells in the prostate produce it 56 and it is an 
androgen-regulated serine protease expressed in both benign and malignant prostatic tissue. 
PSA is one of the oldest prostatic markers used in immunohistochemistry (IHC) to confirm 
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that a metastatic carcinoma is prostatic in origin 57. It has been widely shown that PSA has 
a high specificity for PCa, but that its expression also tends to decrease with cancer 
progression. PSA expression may be absent in around 5% of patients with high-grade PCa 
and distant metastases, as well as in around 10% of lymph node metastases 47,58-61. The 
staining pattern for PSA is cytoplasmic, which can present an issue for IHC because diffuse 
cytoplasmic staining can generate false positives during analysis and is known to occur in 
IHC 62. While PSA expression has been reported in a variety of non-prostatic tissues and 
tumors, including breast and lung carcinomas 58,63-67, others have reported high sensitivity 
and specificity of PSA in PCa using monoclonal and polyclonal anti-PSA antibodies 68. PSA 
expression from PCa patient blood has been correlated with cancer at the RNA level via 
RT-PCR, but neither study used a selection protocol to ascertain which cells expressed PSA 
32,69. Overall, PSA is a promising marker for rare cell assays, as it seems to be sensitive for 
most PCa cells while its expression has not been reported in blood or BM cells (unlike AR 
expression), although this must be tested in rare cell assays. Coupled with evidence that 
PSA can be controlled in an AR-independent manner 70, addressing sensitivity issues, PSA 
could potentially be a more promising rare cell marker than AR. PSA is also a widely-used 

Table 2. Characteristics of putative prostate-specific markers 

Marker AR regulated Expressed in 
healthy 
peripheral 
blood

Expressed in 
healthy bone 
marrow

Cellular staining 
pattern

References

PSA Yes No No Cytoplasmic 47, 56-70

AR Yes No Yes Nuclear/cytoplasmic 21, 47, 79-112

PSMA Yes No Yes (mRNA) Membranous in PCa/
cytoplasmic in other 
tissues

61, 112-131

PSCA Yes No No Membranous 112, 132-150

AMACR No No Yes (mRNA) Granular cytoplasmic 112, 151-160

PSAP Yes No Yes (mRNA 
and protein)

Granular cytoplasmic/
membranous 

112, 161-171

TMPRSS2-ERG Yes No No Nuclear 172-179

PCA3 Yes No No Not applicable (RNA 
molecule)

29, 176, 
180-186

NKX3.1 Yes No Yes (mRNA) Nuclear 112, 187-193

HOXB13 No No No Nuclear 112, 194-202

KLK4 Yes No No Cytoplasmic 71-78

PSP94 Yes No No Nuclear/cytoplasmic 112, 203-223

KLK2 Yes No No Cytoplasmic 71-78

Prostein Yes No No Granular cytoplasmic 55, 61, 
224-228
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biomarker of primary prostate tumor growth as well as for biochemical recurrence following 
radical prostatectomy or radiation therapy. As with all of the proteins we will discuss in 
this article, its full utility as a rare cell marker in blood and BM has yet to be ascertained 
in PCa and non-cancer patients.

PSA belongs to the kallikrein serine protease family, which contains 15 family members. 
Besides PSA, two other kallikrein family members, KLK2 and KLK4 (also known as prostase 
and KLK-L1), also seem to be prostate specific 71-78. There is less known about the clinical 
utility of these markers, but both have been found in PCa patient tissue and serum. Both 
KLK2 and KLK4 seem to have a proteolytic function in activating PSA from its precursor 
pro-PSA form to its active PSA form. These kallikreins should be assessed in rare cell assays 
in addition to PSA. 

Androgen receptor
The androgen receptor (AR) is the most widely studied protein related to prostate 
development and PCa. AR is a powerful transcription co-factor that affects the development 
and growth of male sex organs, including the prostate 79. Androgen-mediated nuclear 
localization and activation of AR is required for the development and growth of the prostate 
gland 80-83, and deprivation of androgens inhibits proper ductal development of the gland 
84. These phenotypes can be seen during embryonic development, where fetal testicular 
secretion of androgens promotes prostate development 82. The adult prostate’s structural 
maintenance and reproductive function also requires androgens and AR activity 85. Binding 
of dihydrotestosterone to AR causes it to translocate to the nucleus and bind androgen 
response elements in genomic DNA to initiate 86,87 or down-regulate transcription of target 
genes 88,89. AR also has non-transcription-related functions, but these are less well 
understood and have only been reported in cancer tissue 90.  Expression of many other 
prostate-specific genes that we will discuss in this article is transcriptionally regulated by 
AR. Due to its crucial roles in the development, growth, and maintenance of the prostate, 
it is not surprising that AR plays critical roles in PCa. Some groups have reported 
tumorigenic properties of AR in mouse models 91,92. However, mice lacking AR specifically 
in the murine prostate had increased cellular proliferation, indicating that the role of AR 
in cancer initiation is still not fully understood 93. Interestingly, while PCa is one of the 
most prevalent cancers in men, there are almost no cancers of the seminal vesicle or 
bulbourethral gland, both of which express AR 94. AR is strongly expressed in most PCa 
tumors, and PCa maintenance seems to depend on AR signaling 95-98. Androgen deprivation 
therapy (ADT) and AR targeting therapies have significant survival benefits in advanced 
PCa patients and are widely used in the clinical setting 99-101. Importantly, AR expression 
can be lost in some PCa tumors, particularly those with neuroendocrine or small cell PCa 
pathology 102-105. Of great interest and potential utility in rare cell assays are the AR splice 
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variants. It has been shown that expression of the AR-V7 variant increases in castration 
resistant PCa 106. Moreover, expression of the full-length version of AR versus the AR-V7 
variant in PCa CTCs can predict ADT response 21,47,107,108, and this has led to its use in 
guiding therapeutic strategy 19. However, the use of AR solely as a CTC/BM-DTC marker 
for rare cell assays poses specificity issues because it is expressed on BM cells and platelets, 
as well as in other tissues 109-112 (Supplemental Table 1). We believe that AR is not specific 
enough for prostate tumor cells to be used as an individual marker for rare PCa cells, but 
has potential as an adjuvant marker for clinical management. Furthermore, because AR is 
expressed in certain blood and BM cells, and AR regulates the expression of many other 
putative prostate-specific markers, each of these markers must be rigorously assessed for 
its expression in blood and BM to determine specificity. A non-androgen-regulated 
prostate-specific gene would be an ideal marker in prostate CTC and BM-DTC detection 
assays, but such markers are seemingly rare.

Prostate specific membrane antigen
Prostate specific membrane antigen (PSMA, also known as folate hydrolase 1, or FOLH1) 
is a membrane-bound glycoprotein with high specificity for both benign and malignant 
prostatic tissues. In contrast to other androgen-regulated prostate genes, PSMA is 
suppressed by androgens in an AR-dependent manner 113. The initial cloning of the gene 
of PSMA was accomplished by Israeli et al. in 1993 using the LNCaP PCa cell line 114. PSMA 
is currently being explored extensively as a promising target for molecular imaging as well 
as a therapeutic target in prostate and renal cancers. For PCa, it may be useful in the setting 
of biochemically recurrent disease, where PSMA-targeted radiotracers seem to be superior 
to conventional imaging for detection of metastatic PCa 115-117. PSMA is expressed at low 
levels in benign prostatic epithelium and is strongly expressed in most prostate carcinomas 
118. PSMA is, in contrast with PSA, highly up-regulated in high-grade tumors and 
corresponding metastases 119. Normal prostate epithelium often has a low level of diffuse 
cytoplasmic staining, while high-grade and metastatic tissues mostly have a very intense 
cytoplasmic and focal membrane staining 61,119. Unfortunately, as it was originally thought 
to be strictly expressed in prostatic tissue, it is now known that PSMA is widely expressed 
in a variety of non-prostatic solid tumors and vasculature, including urothelial, renal, 
gastrointestinal, and breast carcinomas, in addition to bone diseases such as Paget’s disease 
and healing bone fractures 120-130 (Supplemental Table 1). PSMA expression in non-prostatic 
cancer cells is mostly restricted to the cytoplasm 61. Furthermore, a study by Kinoshita et 
al. reported the detection of the PSMA protein in an exceptional variety of healthy tissues, 
including the urinary bladder and proximal tubules of the kidney 122. Uhlén et al. 
demonstrated mRNA expression of PSMA in normal male and female BM, but no protein 
expression 112. PSMA expression in PCa and non-PCa patient blood was ascertained in a 
selection-free way via RT-PCR of whole blood RNA, and its sensitivity and specificity were 
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reported as 59% and 47%, respectively; however, due to lack of selection, there was no way 
to ascertain which cells expressed the marker 131. While PSMA is a promising marker for 
overt prostate tumor detection, the application of PSMA as a marker for rare PCa cells 
needs further assessment, as its true specificity is still in question. 

Prostate stem cell antigen 
Prostate stem cell antigen (PSCA) is an androgen-regulated glycosylphosphatidylinositol-
anchored membrane-bound glycoprotein, originally identified as a prostate-specific tumor-
promoting antigen in 1998 132,133. Its expression is restricted to the basal layer of the prostate, 
and it is the only protein in this article that is expressed by basal cells 132. It is expressed in 
approximately 88-94% of primary PCa specimens 132,134, one study observed 100% (9/9) of 
bone metastatic lesions to be PSCA-positive 134. Another study by Lam et al. found a PSCA 
protein expression in 87.2% (41/47) of cases of bone metastases 135. PSCA may be a useful 
marker for PCa prognosis 135-137, as one study reported PSCA mRNA expression in the 
peripheral blood of 71% of PCa samples, 13% of benign prostatic hyperplasia samples, and 
0% of non-prostate disease controls 138. A similar study reported a sensitivity of 40% in 
patients with gastrointestinal tumors 139. However, because there was no selection process 
in these studies, whole blood RNA was assessed, so it is unclear whether the PSCA-positive 
cells were actually prostate cells or another type of cell. As we have discussed, this is one 
significant drawback to RT-PCR compared to IF assays. Though there are several reports 
showing absence of PSCA expression in non-prostatic tissues 132,134, others have found 
expression in the normal epithelium of various tissues, including the urinary bladder, 
kidney, and intestine 112,134,140-142 (Supplemental Table 1). PSCA is also overexpressed in 
various cancers, including urothelial, kidney, and lung 143-147. In some cancers, it is down-
regulated, indicating it may also play a tumor suppressive role, depending on the tissue 
140,142,148-150. Overall, data suggest that PSCA expression is not actually specific to the prostate, 
which makes it a less desirable marker for rare cells assays on its own. However, its 
expression in the basal cell compartment of the prostate indicates that it could potentially 
be used for certain subsets of PCa that are of basal cell origin. 

Alpha-methylacyl-CoA racemase
Alpha-methylacyl-CoA racemase (AMACR, also known as P504S) is a peroxisomal and 
mitochondrial enzyme involved in bile acid biosynthesis and beta-oxidation of branched-
chain fatty acids, and it is not androgen-regulated 151,152. Its expression is granular and 
cytoplasmic. Apart from the prostate, AMACR is expressed in other normal tissues, 
including BM cells 112 (Supplemental Table 1). AMACR is also overexpressed in almost 
every type of carcinoma assessed, including over 95% of PCa cases 112,153,154. It is thus not 
useful in distinguishing PCa from other malignancies. However, it is still commonly used 
as a diagnostic biomarker for PCa due to its stronger expression in malignant relative to 
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normal tissue, and it is often used in combination with a negative marker for PCa such as 
the basal cell marker p63 155-157. In an RNA-based study from patient blood, AMACR 
expression was found in only 16/22 PCa patients, as well as 11/20 non-PCa patients, 
indicating poor sensitivity and specificity, although there was no selection process, so there 
is no way to assess which cells were expressing the marker 158. AMACR can be detected (in 
tissue studies) in approximately 80% of atypical, non-hormonally-regulated PCa, such as 
small foci prostate adenocarcinomas and pseudohyperplastic carcinomas 157,159. AMACR 
is also overexpressed in non-cancerous prostate diseases, such as adenosis, post-atrophic 
hyperplasia, partial atrophy, and prostatic intraepithelial neoplasia 160. AMACR RNA is 
expressed in the BM 112; therefore, it cannot be used for BM-DTC detection in PCR assays. 
However, more work needs to be done to determine its sensitivity and specificity in rare 
cell assays.

Prostate specific acid phosphatase
Prostate specific acid phosphatase (PSAP, also known as prostatic acid phosphatase (PAP) 
and prosaposin) is a glycoprotein that hydrolyzes esters under acidic conditions to yield 
inorganic phosphates, and it is one of the major proteins that is secreted by the prostate 
161,162. It is an androgen-regulated protein that was first discovered in 1938 by Gutman et al. 
who showed that the level of PSAP was increased in the blood of patients with localized 
PCa, and was even more highly expressed in metastatic disease, relative to healthy 
individuals 163. It thus became the first serum tumor marker for biochemical testing to 
diagnose and monitor progression of PCa. Later, PSA was found to be a more sensitive and 
specific biomarker and replaced PSAP in these assays. A study by Walsh et al. evaluated 
460 localized PCa cases, and only 0.9% of cases were PSAP-positive and PSA-negative, 
indicating that PSAP detection would not capture additional cancer cells that would not 
already be detected by PSA 164. PSAP is still occasionally used for the evaluation of PCa 
tissue by IHC, where it shows granular cytoplasmic staining. PSAP is expressed at moderate 
to high levels in normal prostate tissue and is strongly expressed in >95% of malignant 
prostatic tissue 165-167.  While these studies are tissue-based, and not cell-based, they suggest 
that PSAP may be a sensitive marker for PCa in general. However, a study by Perner et al. 
showed that PSAP was expressed in only 84% and 77% of lymph node and distal metastases, 
respectively, suggesting that expression may be lost in a clonal fashion during metastasis 
61. It is also expressed in a variety of other cancers, including melanoma, lymphoma, cancer 
of the testis, and urothelial cancer 112 (Supplemental Table 1). Several studies have reported 
expression of PSAP protein in normal non-prostatic tissues, including granulocytes 112,165,167-

171. Importantly, Uhlén et al. detected protein and mRNA in normal female and male BM 
tissues, indicating decreased specificity for BM-DTC detection 112. Despite its high 
expression in most prostate carcinomas, the distribution of PSAP expression in other 
healthy tissues, particularly immune cells and other BM cells, indicates that PSAP is not 
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as prostate-specific as was initially suggested, and may not be specific enough to be used 
alone as a detection marker for CTCs or BM-DTCs. 

TMPRSS2-ERG
The transmembrane protease, serine 2 (TMPRSS2) gene is androgen-regulated and is 
located close to the erythroblastosis virus E26 transformation specific related gene (ERG) 
on chromosome 21. In about 50% of PCa patients a gene rearrangement occurs between 
TMPRSS2 and ERG, which produces the androgen-regulated over-expressed fusion protein 
TMPRSS2-ERG, where ERG is the driving oncogene 172. The TMPRSS2-ERG fusion is 
typically assessed via FISH, and is nearly 100% specific for prostate tissue (Supplemental 
Table 1). ERG expression by IHC can also be used as a surrogate for expression of the fusion 
gene 173, and ERG staining has been associated with worse prognosis for PCa patients 174. 
Even before the discovery of the TMPRSS2-ERG gene fusion, the presence of ERG in PCa 
was reported 175. Similar to PCA3, TMPRSS2-ERG has utility as a biomarker in urine tests 
with 37% sensitivity and 93% specificity 176. When TMPRSS2-ERG and PCA3 detection in 
urine samples was combined, sensitivity increased to 73%, which still falls short of the ideal 
sensitivity for a rare cell assay. However, due to their high specificity for PCa cells, both of 
these markers have value moving forward, likely in combination with other markers. The 
biggest advantage of using TMPRSS2-ERG to detect PCa cells is that it is specific to cancer 
cells, and has not been found in normal prostate tissue. Most of the other candidate prostate-
specific markers discussed in this article have been detected in benign tissue, making it 
difficult to differentiate cancer from benign. In rare cell assays, it is likely that only cancer 
cells will be present in blood or BM, but that has not been definitively proven. It is possible 
that non-cancer cells could slough into the blood and be identified as cancer cells based on 
expression of prostate-specific markers. In patients known to have TMPRSS2-ERG 
expression in their primary tumor, including TMPRSS2-ERG as an additional marker for 
CTC/BM-DTC detection would eliminate doubt about the origin of the rare cells in 
question. It is important to note that other gene fusions exist in PCa, including a prostein-
ERG fusion 177, TMPRSS2 fusion with other ETS family genes such as TMPRSS2-ETV4 178, 
as well as many other fusions that have not been assessed for their sensitivity but could be 
useful in identifying cancer cells in a multiplex FISH staining strategy 179.

Prostate cancer antigen 3
Prostate cancer antigen 3 (PCA3, initially known as differential display clone 3, or DD3) is 
an androgen-regulated long non-coding RNA (lncRNA) that was discovered in 1999 180,181. 
PCA3 down-regulates expression of the tumor suppressor PRUNE2, thereby promoting 
tumor progression 182,183. PCA3 is overexpressed in around 95% of PCa cases and is thought 
to be prostate-specific, as it was not detected in 18 other normal tissues in a major study 
(although blood and BM were not assessed) 180 (Supplemental Table 1). As a lncRNA, PCA3 
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cannot be detected by IHC or IF, and its detection is limited to RT-PCR or fluorescent in 
situ hybridization (FISH) assays 29,184. PCA3 has been tested as a urinary biomarker for PCa, 
although its sensitivity is limited, even when combined with urinary biomarkers 176,185,186. 
Overall, PCA3 holds some promise as a marker of rare PCa cells, but because the 
combination of IF with FISH is technically challenging, we are less enthusiastic about this 
marker for rare cell assays.

Homeobox protein NKX3.1
NKX3.1 is a homeobox-containing transcription factor. It is androgen-regulated and is 
therefore largely prostate-specific, although – like PSA – its expression can be regulated 
independent of AR. It is often used as an IHC marker of prostatic origin in metastatic 
tumors 187. NKX3.1 is primarily detected in secretory prostatic epithelia, and its staining 
pattern is primarily nuclear, though it can also be seen in the cytoplasm 188. It is one of the 
earliest known markers of prostate development 189. It is a putative tumor suppressor in 
PCa, as it functions to inhibit prostate cell growth and proliferation in a context dependent 
manner, and one allele is frequently deleted in patients with PCa 189. It has been reported 
that NKX3.1 expression is high in primary PCa tumors, but low in high-grade tumors and 
absent in metastatic PCa 190,191. However, Gurel et al. assessed the performance of NKX3.1 
as a marker of hormone naïve metastatic PCa and found that the sensitivity for NKX3.1 
expression was 98.6% 187, as 68/69 of cases were positive. The same study showed that the 
specificity of NKX3.1 was 99.7% as only 1/349 non-prostatic tumors was positive. This 
discrepancy with previous studies is most likely explained by the use of different antibodies, 
where the latter study used an ostensibly better antibody 190,191. NKX3.1 has been found in 
rare invasive lobular breast carcinomas and in benign testis 189,192,193 (Supplemental Table 
1). Uhlén et al. detected mRNA expression in a plethora of healthy tissues, including the 
salivary glands, kidney, testis, and importantly, the bone marrow, but did not assess protein 
expression 112. Altogether, these data suggest that NKX3.1 is relatively sensitive for PCa 
cells, but potentially not specific enough to differentiate PCa cells from BM cells, although 
this has yet to be tested at the protein level. 

Homeobox B13
Homeobox B13 (HOXB13) is a transcription factor that is involved in prostate development 
and is one of the few markers discussed here whose expression is androgen-independent 
194,195. HOXB13 may physically interact with AR in the nucleus of prostate cells, potentially 
in an inhibitory fashion 196,197. It is expressed in normal prostatic tissue 198, and overexpressed 
in PCa 197,199. It is used to identify metastatic prostate tissue 200. The HOXB13 G84E variant 
mutation is associated with significantly increased risk of hereditary PCa 201. The fact that 
there is a reported lack of any truncating mutations in HOXB13 and the recurrent nature 
of the G84E change, suggest a carcinogenic mechanism that is more likely of oncogenic 
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nature (gain of function) than of tumor-suppressor nature (loss of function). The staining 
pattern of HOXB13 is primarily nuclear, but can also be seen in the cytoplasm. Weak to 
moderate cytoplasmic staining has been observed in some non-prostatic cancers, such as 
in liver and lung cancers 112 (Supplemental Table 1). Furthermore, Uhlén et al. reported 
low expression of HOXB13 in patients with lymphoma 112. A recent study by Barressi et al. 
compared the diagnostic value of HOXB13 and PSA protein expression to determine if 
metastatic tissue was of prostatic origin 202. HOXB13 immunostaining was strong in >75% 
of the neoplastic cells in 100% (15/15) of the prostatic metastases, and weak staining was 
found in <25% of the neoplastic cells in 17% (2/12) of urothelial carcinoma metastases. 
The sensitivity and specificity of HOXB13 for metastatic PCa were 100% and 94%, 
respectively. Furthermore, the sensitivity and specificity of PSA for these metastatic PCa 
tissues were 53% and 100%, respectively 202. A study by Varinot et al. also assessed HOXB13 
sensitivity, and reported that while all 400 PCa tumors they assessed expressed some level 
of HOXB13, bone metastases had less frequent HOXB13 expression, although this could 
have been due to decalcification of the bone tissue 200. Another group showed that HOXB13 
expression was found in 52% of 10,216 PCa patient samples, and that stronger staining was 
associated with PCa cells relative to normal prostate cells, giving it prognostic relevance 
197. Interestingly, it appeared that HOXB13/AR interaction resulted in a reduction of PSA 
expression, indicating that HOXB13 and PSA could be used together in rare cell IF assays. 
Overall, these data suggest that HOXB13 is a promising candidate marker for the detection 
of prostate CTCs and BM-DTCs due to its specificity and androgen-independence in tissue-
based assays, but work needs to be done in rare cell assays to fully ascertain its utility. 

Prostatic secretory protein of 94 amino acids
Prostate secretory protein of 94 amino acids (PSP94, gene name MSMB) is one of the first 
three secretory proteins in the prostate to be identified, in addition to PSA and PSAP 203. 
PSP94 was originally identified as beta-microseminoprotein (MSMB) 204, or beta-inhibin 
205, and is an androgen-regulated immunoglobulin-binding factor that is secreted into 
seminal plasma 206-209. Its specific function is still uncertain, but it has been suggested that 
it increases sperm quality 210 and acts as a fungicidal agent in sperm 211. PSP94 protein has 
been found in numerous additional secretions, including mucous gland secretions 212. Its 
expression has also been detected in tonsil, skin, bronchus, stomach, testis, and seminal 
vesicle tissue 112 (Supplemental Table 1). PSP94 expression in cancer is somewhat unclear. 
Overexpression of PSP94 has been observed in ovarian cancer 213, while several studies have 
shown that it acts as a tumor suppressor in PCa 214-218. One study in PCa showed that while 
PSP94 expression was inversely correlated with Gleason score, its expression persisted after 
hormone therapy while PSA expression decreased, indicating that PSP94 expression can 
be up-regulated in the absence of androgens 219. Support for its putative role as a tumor 
suppressor comes from the observed association of the loss of function of variant MSMB 
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alleles with increasing PCa risk 220,221, as well as its antifungal, and therefore anti-
inflammatory properties 221. It has also been shown that a driver of PCa, EZH2, targets and 
silences PSP94 222. Finally, a synthetic peptide corresponding to certain PSP94 amino acids 
has been shown to decrease vascular endothelial growth factor (VEGF) expression in 
endothelial cells, indicating PSP94 may have anti-angiogenic effects 223. All in all, PSP94 is 
not likely a suitable candidate for CTC and BM-DTC detection due to its varied expression 
throughout PCa progression.             

Prostein
Prostein (also known as p501s, and solute carrier family 45 member 3, or SLC45A3) is one 
of the latest prostate-specific markers to be discovered, having been found via a genome-
based approach in 2001 224. It is also the least published marker in this article, with only 86 
results in PubMed, compared to 29,628 results for PSA (Figure 4). Prostein is an androgen-
regulated type IIIa transmembrane protein located in the Golgi apparatus with functions 
related to macromolecule transport 225. Prostein is expressed in normal prostate tissue as 
well as PCa tissue 61,226, even when PSA is negative 225,227. It has a unique granular staining 
pattern, which helps to distinguish it from other markers and increases confidence of true 
staining. Prostein has been used to differentiate PCa (prostein-positive, p63-negative) from 
urothelial cancers (prostein-negative, p63-positive) in tissue IHC 55. Along with HOXB13, 
prostein is one of the most prostate-restricted proteins in tissue-based assays, though its 
expression has also been found in lung and bladder cancer 228 (Supplemental Table 1).  
To date, prostein expression has been analyzed on different normal non-prostatic tissue, but 
none of these tissues expressed this marker, though it has not been extensively characterized. 
One study compared tissue expression of prostein to expression of PSA, PSAP, PSMA, AR, 
and ERG in primary PCa and metastatic tumors, and found that prostein sensitivity was 
decreased in metastatic tumors, although it was still expressed in 89% of tumors 61. They 
also found that when PSA was absent in tumors, prostein and AR were present, indicating 
that more than one prostate-specific marker should be used to increase sensitivity in IHC 
and certainly in rare cell assays. Taken together, we believe that prostein is a promising 
marker for use in IF-based rare PCa cell assays, although this has not been directly tested.

MURINE PROSTATE MARKERS

Mice are used extensively as in vivo models of prostate cancer metastasis, and rare cell assays 
have recently been developed for xenograft, syngeneic, and transgenic mouse models 29. 
Xenograft models utilize human cancer cells, for which the markers we have thus far 
discussed are applicable. However, when using mouse models that develop murine prostate 
cancer (syngeneic models or genetically engineered mouse models (GEMMs)), one must 
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consider the similarities and differences between rodent and human prostates at the 
anatomical and cellular expression levels. While the mouse prostate gland is histologically 
quite similar to the human prostate gland, there are significant differences. The human 

Figure 3. Ideal expression patterns of prostate-specific markers for identification of rare cancer cells
(A) Example of a non-sensitive marker, expressed on only 50% of the cells; (B) example of a non-specific marker, expressed 
on the tumor cell as well as the immune cell; (C) example of a sensitive and specific marker, expressed on all of the tumor 
cells present but none of the immune cells; and (D) the ideal strategy for detection includes multiple sensitive and specific 
markers, each with a different staining pattern. CTC: circulating tumor cell; BM-DTC: bone marrow disseminated tumor cell; 
WBC: white blood cell; DAPI: 4’,6-diamidino-2-phenylindole; and PSA: prostate specific antigen.
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prostate surrounds the urethra at the base of the bladder. It is broken up into “zones” for 
grading and staging purposes, but anatomical zonation is not grossly apparent. The mouse 
prostate is broken up into several lobes: the anterior lobe, which is immediately next to the 
seminal vesicle; and the dorsolateral and ventral lobes, which are anatomically similar to 
the human at the base of the prostate 229,230. In the mouse and human, all prostate glandular 
secretions go into the urethra and make up a significant portion of the ejaculate. Another 
significant difference between the human and mouse prostate is the ratio of luminal to basal 
cells. In the human, the ratio is approximately one luminal cell per basal cell, and in the 
mouse, the ratio is closer to 3:1 231. 

In terms of gene expression, mice do not express PSA, KLK2, or PCA3 (Table 3). Of the 
kallikreins, only KLK4 has a murine ortholog 232. Mice express a PSCA ortholog, which is 
70% similar to human 132. PSP94, PSMA, and PSAP are also expressed, and are specific to 
the mouse prostate 233-235. Mice also express Hoxb13 independent of androgen, and this 
gene has been used to create a GEMM of PCa 236,237. Nkx3.1 is another marker present in 
mice, and its role in prostate development and tumorigenesis has been studied extensively 
in mouse models 238-240. Mice also express an AMACR ortholog, though its role in murine 
prostate biology is limited 241. It is unclear based on published literature if prostein is 
expressed in the mouse prostate at the protein level, although RNA ISH has shown that the 
Slc45a3 gene is expressed throughout developing tissue in mouse embryos 242. Mice express 
both TMPRSS2 and ERG, although with no prostate specificity, and the TMPRSS2-ERG 
fusion does not occur in mice because they never develop de novo PCa 243. Mice also express 
AR; in fact, many of the androgen signaling paradigms have been discovered by studying 
mouse or rat AR (see above section on AR). However, an important consideration is that 
AR activity in mice might differ from human due to the amount of testosterone in either 
species at any given time – it has been shown that a hormonally intact male mouse has 
approximately as much circulating testosterone as an androgen-ablated male human 85,244. 

Perhaps the best way to use mice as an in vivo model for rare cell studies is to inject 
genetically labeled human or mouse cancer cells into the mice, harvest blood and/or BM 
at specific time points, and then use the genetic marker for CTC/BM-DTC detection 29. It 
is inefficient and less desirable to conduct rare cancer cell research in most GEMMs due 
to the slow progression of the disease. However, some of the newer rapidly progressing PCa 
models, especially those marked with fluorescent molecules, may allow for further study 
of CTCs and DTCs in GEMMs 245. Some of the mouse PCa marker orthologs that exist 
could be useful for detecting mouse CTCs/BM-DTCs with the intent to characterize and 
study their roles. Ultimately, while mouse models have been invaluable to model prostate 
development and disease, there is no substitute for detecting human prostate-specific 
markers on prostate cancer cells in human blood or BM. 
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DISCUSSION

Despite early detection and treatment advancements, PCa patients continue to have poor 
outcomes largely due to bone metastasis. CTCs and BM-DTCs are the source of overt bone 
metastases; therefore, these rare cells can offer important clinical insights, as well as a better 
understanding of the biology underlying successful dissemination 12,13,246. Due to easier 
sample access (blood versus BM), CTCs represent a cell population that will likely be more 
clinically useful in real time. BM-DTCs, however, may represent a more biologically 
important cell population because they have successfully disseminated. However, as 
discussed, it is difficult to detect and accurately identify prostate BM-DTCs due to their 
rarity and the lack of sensitive and specific protein markers. While putative CTCs can 
generally be found using epithelial markers in IF assays, BM-DTCs are more difficult to 
assess due to the complex cellular heterogeneity of the BM relative to the blood, which 
includes autofluorescent cell types and occasional cells that express certain epithelial 
markers 247,248. While certain cancer-specific markers (e.g. Myc) might be expressed in rare 
cancer cells, they are often also expressed in a variety of other cells in blood and BM. 
Therefore, we propose that using prostate-specific markers could improve the accurate 
detection of rare PCa cells in liquid biopsies.

Due to the sensitivity requirement of rare cell assays (detection level of one single cancer 
cell in a field of millions of WBCs), new challenges have arisen with regard to the specificity 

Table 3. Mouse orthologs of putative prostate-specific genes 

Marker Human Gene Mouse Ortholog

PSA KLK3 Does not exist

AR AR Ar

PSMA FOLH1 Folh1

PSCA PSCA Psca

AMACR AMACR Amacr

PSAP PSAP Psap

TMPRSS2-ERG TMPRSS2 and ERG Tmprss2 and Erg (separate genes; no fusion product)

PCA3 PCA3 Does not exist

NKX3.1 NKX3-1 Nkx3-1

HOXB13 HOXB13 Hoxb13

KLK4 KLK4 Klk4

PSP94 MSMB Msmb

KLK2 KLK2 Does not exist

Prostein SLC45A3 Slc45a3
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of putative prostate-specific markers. Several of the prostate-specific markers described in 
this paper are used to help differentiate PCa tumors from other types of cancer, particularly 
in the metastatic tissue setting. In rare cell assays, the use of RT-PCR and IF (coupled with 
automated scanning microscopy) 29,249 allows for highly sensitive detection of RNA and 
protein, respectively. However, published reports about the specificity of these putative 
prostate-specific markers were not focused on rare cell detection but rather sectioned tissue, 
and thus were not as focused on confirming that every positively stained cell was indeed 
of prostate origin. A protein that is considered sensitive and specific in a tissue-based assay 
may not be considered as such in a rare cell assay. For example, if a BM liquid biopsy 
containing ten million WBCs were to be stained for a putative cancer-specific marker, and 
only 0.01% of WBCs expressed that marker, approximately 1,000 WBCs would incorrectly 
be identified as a cancer cell using highly sensitive scanning techniques. Therefore, putative 
PCa markers require rigorous testing in known control and patient samples using rare 
cell-based assays, rather than tissue-based assays 250,251. RNA from formalin-fixed CTCs or 
cells obtained via fluorescence activated cell sorting (FACS) or via selection techniques and 
assessed via RT-PCR for finite gene panels is one promising methodology 33. New 
technologies, such as multiplexed ion beam imaging coupled with mass cytometry (CyTOF) 
to determine the expression of a panel of approximately 100 markers at one time could be 
extremely useful to ascertain sensitivity and specificity of marker in rare cells assays 252-254.

For IF-based assays, the selection of the detection antibody is particularly important, as 
staining patterns and positivity can vary widely. Polyclonal antibodies are in general more 
sensitive and have a higher probability of detection in a range of different conditions, but 
they are generally less specific than the monoclonal antibodies 255. There are many other 
factors that can influence the staining of an antibody, such as tissue processing, fixation 
reagents and timing, antigen retrieval type and timing, microscope type, and automated 
scanning settings 256-258. Proper training at each of these stages, as well as proper recording 
and communication of protocols, is of utmost importance during the process of identifying 
new markers for rare cell assays 259. Even if an antibody has been rigorously tested, depending 
on the type of tissue and exact staining protocol involved, it can still result in false positivity 
or negativity. For instance, NKX3.1 is present in the nucleus of prostate cells, but can also 
stain in the cytoplasm of other tissues 187. Markers that only stain in the cytoplasm, like 
PSA, might not be ideal markers for rare cell assays because diffuse false positive cytoplasmic 
staining is seen on occasion simply due to processing. Therefore, it would be ideal to 
combine markers that have different staining patterns using multiplex staining. For example, 
an ideal multiplex protocol might include a nuclear marker (e.g. HOXB13), cytoplasmic 
marker (e.g. PSA), and a marker with a unique staining pattern (e.g. prostein, which 
localizes to the Golgi apparatus) (Figure 3). In this review, we have largely focused on 
protein expression because IF can provide more information than other techniques, such 
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as RT-PCR. While RT-PCR is more sensitive in terms of its ability to detect small amounts 
of RNA, it does not provide information about cellular heterogeneity in terms of which 
cells express which RNA. IF can provide visual evidence of protein expression, and in 
multiplex assays can provide expression information about multiple proteins on a single 
cell. Given the fact that protein expression provides insight into function, IF-based assays 
also have the advantage of being able to understand the role and clinical application of 
detected cells. In addition, single cell picking techniques have improved to the point where 
genomic and proteomic analyses can be performed at the single cell level 26,260-262.

Each prostate marker we have discussed in this article has a varying degree of specificity 
to the prostate gland or PCa. Some, like PSA, prostein, HOXB13, and KLK2, appear to be 
highly specific for prostate tissue, based on tissue-based assays. Others, like AR, PSAP, 
PSCA, and PSMA are much less specific. In addition, some markers become aberrantly 
expressed in a variety of cancers, even if they were not expressed in the corresponding 
healthy tissue (e.g. PSA is occasionally found in lung cancer even though it is not expressed 
in healthy lung tissue). However, we postulate that a prostate-specific marker only needs 
to be specific to PCa cells in that any other cells that are present in a liquid biopsy do not 
express the marker. This includes blood and BM cells such as all immune cells, hematopoietic 

Figure 4. Prevalence of prostate-specific marker publications
We performed a search on PubMed (www.ncbi.nlm.nih.gov/pubmed) on August 17, 2017 for the following 
search terms in all fields. PSA: “prostate specific antigen or psa or klk3;” AR: “androgen receptor;” PSMA: “psma 
or folh1;” PSCA: “psca;” AMACR: “alpha-methylacyl-CoA racemase;” PSAP: “psap or prosaposin;” TMPRSS2-ERG: 
“tmprss2-erg;” PCA3: “pca3 or dd3;” NKX3.1: “nkx3.1 or nkx3-1;” HOXB13: “hoxb13 or hox-b13;” KLK4: “klk4;” 
PSP94: “prostatic secretory protein of 94 amino acids or psp94 or msmb;” KLK2: “klk2;” prostein: “prostein or 
p501s or slc45a3.
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and mesenchymal stem cells, BM stromal cells, osteoclasts, and endothelial cells, among 
others. This is based on the high unlikelihood that a PCa patient will have cancer of another 
tissue, whereby even if a marker of interest is highly expressed in prostate cells but also 
expressed in pancreatic cells, it would still be acceptable for use in a liquid biopsy. 

The sensitivity of the detection marker is also extremely important to ensure that every 
PCa cell that is present in a blood or BM sample from a patient is identified. Since CTCs 
and BM-DTCs are so rare, failing to detect only a few cells could have major clinical 
implications. This means that every PCa cell that enters the bloodstream and/or BM would 
ideally express the detection marker. Unfortunately, information to this degree is severely 
lacking in the published literature. Most reports have determined the sensitivity of prostate 
markers via IHC, where sensitivity is discussed in terms of the percentage of patients where 
positive staining was observed. Instead, for rare cell assays, the number of PCa cells that 
are detected with the marker out of a known total number of PCa cells present should be 
determined. This may be impossible to assess in clinical samples, considering there is no 
perfectly sensitive marker to our knowledge that would provide the true number of cancer 
cells present in a sample. To overcome these obstacles, increasing the number of markers 
so as to “catch” every cell would be helpful, as long as they are each highly specific. Even 
so, for some less common types of PCa (e.g. neuroendocrine, small cell, or carcinoid), the 
classic prostate markers like PSA or NKX3.1 will not be helpful 104. Instead, other markers 
such as synaptophysin or chromogranin might be required to identify these cells 263. 

An important concept to consider is that a marker does not need to be as sensitive or specific 
if it is not being used for detection purposes. Once the CTC/BM-DTC is detected by highly 
sensitive and specific marker(s), it does not matter if a marker being used to study biological 
characteristics or to drive therapeutic decisions is also present on a non-PCa blood or BM 
cell. For example, we have discussed AR as being a relatively non-prostate-specific marker, 
as it is expressed in many other healthy tissues, including the BM. Therefore, we would not 
recommend using AR to detect or identify PCa CTCs or BM-DTCs. However, the expression 
of full-length AR or its variant form (AR-V7) has been shown to be clinically informative 
as to whether to treat metastatic PCa patients with either taxanes or second line hormonal 
therapy 19,21,107. This is an excellent example of the importance and applicable range of using 
liquid biopsies and rare cell assays on liquid biopsies to directly impact patient care. 
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CONCLUDING REMARKS

The aims of this review article were to emphasize the difficulties in accurately identifying 
rare prostate CTCs or BM-DTCs with the commonly used epithelial markers, and the 
subsequent need for prostate-specific biomarkers in the detection of these cells. While 
much has been done to identify and quantify CTCs in the blood of cancer patients, much 
less has been done in bone marrow to identify BM-DTCs. BM-DTCs are likely the 
“important CTCs,” meaning they are responsible for lethal bone metastases, and therefore 
contain biological characteristics required for successful dissemination. As rare cell assays 
need to be exceptionally sensitive, it is crucial that sensitive and specific markers are used 
to differentiate cancer cells from blood and BM cells, but unfortunately little is known about 
candidate marker expression on PCa cells at an individual cell level. We have attempted to 
compile an exhaustive list of published prostate-specific markers as a starting point for 
determining which markers should be investigated further to be used for CTC/BM-DTC 
detection in the future. Some markers, like AR and PSAP, are too non-specific to be used 
as individual markers of PCa cells, while others, such as PSA, prostein, and HOXB13, hold 
more promise as sensitive and specific markers. It is likely that multiple specific markers 
will have to be combined to increase overall sensitivity. The goal of future studies must be 
to consistently and reliably identify rare cancer cells using sensitive and specific markers. 
Although this review has focused on PCa, the same strategies are applicable to rare cell 
assays in any type of cancer. 
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Supplementary Table 1. Expression of putative prostate-specific markers in non-prostatic tissue 
Marker Healthy non-prostatic tissues Non-prostate cancers References
PSA Seminal vesicle Breast

Salivary gland 
Urinary bladder
Colon
Urothelial 
Lung carcinoma

47, 56-70

AR Adrenal gland
Appendix
Brain
Breast
Cervix
Epididymis
Female reproductive
Gallbladder
Kidney
Liver
Ovary
Seminal vesicle
Spleen
Testis
Thyroid
Tonsil
Urinary bladder

Breast
Cervical
Endometrial
Liver
Melanoma
Ovarian
Renal
Skin
Testis
Urothelial

21, 47, 79-112

PSMA Adrenal gland 
Appendix
Bone Marrow
Brain
Breast 
Cerebral cortex
Colon
Endothelial cells
Epididymis
Esophagus
Female reproductive
Gallbladder
Kidney
Liver
Lymph node
Parathyroid
Platelets
Rectum
Salivary gland
Seminal vesicle
Small intestine
Smooth muscle
Spleen
Stomach
Testis
Thyroid
Tonsil
Urinary bladder 

Adrenal gland 
Breast 
Endometrial
Gastrointenstinal
Glioma
Head and neck
Lung 
Melanoma
Renal
Testis 
Urinary bladder 
Urothelial 

61, 112-131

PSCA Colon 
Esophagus
Gallbladder
Kidney
Pancreas
Rectum
Seminal vesicle
Stomach
Urinary bladder

Stomach 112, 132-150

AMACR Adipose tissue
Adrenal gland
Appendix
Bone marrow 
Breast
Cerebral cortex
Epididymis
Esophagus
Fallopian tubes
Female reproductive
Gallbladder 
Intestines
Kidney
Liver 
Lung
Lymph node
Muscle
Pancreas
Parathyroid
Rectum
Salivary glands
Seminal vesicle
Skin
Small intestine
Spleen
Stomach
Testis
Thyroid
Tonsil
Urinary bladder

Breast 
Carcinoid
Cervical
Colorectal
Glioma
Head and Neck
Liver
Lung 
Melanoma
Ovarian 
Pancreatic
Renal
Skin 
Stomach
Testis
Thyroid
Urothelial

112, 151-160
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Supplementary Table 1.
Marker Healthy non-prostatic tissues Non-prostate cancers References
PSAP Adipose tissue

Adrenal gland
Bone marrow 
Brain
Colon 
Epididymis
Esophagus 
Female reproductive
Gallbladder
Kidney 
Liver 
Lung
Muscle
Pancreas
Rectum
Seminal vesicle
Skin
Stomach 
Salivary gland
Small intestine 
Testis
Thyroid
Urinary bladder

Breast 
Carcinoid 
Cervical 
Colorectal 
Endometrial
Glioma 
Head and neck 
Liver
Lung 
Lymphoma
Melanoma
Ovarian
Pancreatic 
Renal
Skin
Stomach
Testis
Thyroid 
Urothelial 

112, 161-171

TMPRSS2-ERG None None 172-179
PCA3 None None 29, 176, 180-186
NKX3.1 Bone Marrow 

Testis
Breast 112, 187-193

HOXB13 Colon
Rectum
Urinary bladder

Cervical
Colorectal
Endometrial
Head and Neck
Liver
Lung
Lymphoma
Ovarian
Pancreatic
Skin
Stomach
Urothelial

112, 194-202

KLK4 Endocrine tissues
Gastrointestinal tract
Seminal vesicle
Skin

Lung 71-78

PSP94 Kidney
Lung
Seminal vesicle
Skin
Stomach
Testis
Tonsil
Urine

Breast
Cervical
Colorectal
Endometrial
Glioma
Lung
Melanoma
Ovarian
Pancreatic
Renal
Skin
Stomach
Testis
Thyroid
Urothelial

112, 203-223

KLK2 None None 71-78
Prostein Stomach None 55, 61, 224-228

Note: Tissues where only mRNA expression has been observed are italicized. Blood and bone marrow are bolded for emphasis. Also, where 
“none” is stated, this may be due to lack of published studies on the specific marker. 
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SUMMARY

Circulating and Disseminated Tumor Cells in patients with high-risk and 
metastatic genitourinary cancers

Chapter 1 sets the background for this thesis by describing the potential clinical application 
for circulating tumor cells (CTCs) in patients with prostate and bladder cancer, including 
early cancer detection, disease staging, monitoring of recurrence, prognostication, and how 
to aid in the selection of therapy. In the field of urologic oncology, CTCs have been most 
widely studied as prognostic biomarkers of castration-resistant prostate cancer. Additionally, 
emerging data support a role for CTCs to help identify which patients are most likely to 
respond to novel androgen-pathway targeted therapies, such as abiraterone and 
enzalutamide (AR-V7). CTCs have also been studied, although less extensively, as predictive 
biomarkers for bladder cancer, in particular as a means to identify patients whose disease 
has been clinically under staged.
Unfortunately, less is known about the character and clinical significance of disseminated 
tumor cells (DTCs). The second part of this chapter is directed towards the likely role of 
these cells in the development of overt metastases, the difficulties in correctly calling these 
cells real DTCs, and the pressing need for prostate-specific markers in the detection of 
these cells.

PART I  CIRCULATING TUMOR CELLS

To date, a large number of strategies to isolate and characterize CTCs have been described. 
However, these techniques each have unique limitations in their ability to detect these rare 
cells in a sensitive and specific way. Chapter 2 focuses on the technical limitations and 
pitfalls of the most common CTC isolation and detection strategies. Additionally, we 
emphasize the difficulties in correctly classifying rare cells as CTCs using the commonly 
used epithelial markers. We conclude that for assays in the future, the first step must be a 
uniform and clear definition of the criteria for assigning an object as a CTC based on 
disease-specific biomarkers.

In Chapter 3 we report on the enumeration and characterization of CTCs in patients with 
urothelial carcinoma (UC) across a range of stages (including non-muscle invasive bladder 
cancer (NMIBC), muscle-invasive bladder cancer (MIBC) and metastatic UC), using the 
selection-free AccuCyte® – CyteFinder® system, which uses the epithelial markers pan-
cytokeratin and EpCAM. In this study, CTCs were defined as a nucleated cell, at least 
positive for CK, but negative for the white blood cell (WBC) markers CD45 and CD66b. 
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We also applied the more restrictive ‘CELLSEARCH® definition’ on the cells, which 
additionally required the cells to be EpCAM positive. Most importantly, with the AccuCyte® 
– CyteFinder® system, CTCs were detected at all UC stages, and exhibited phenotypic 
diversity for cell size and EpCAM expression. In patients with NMIBC and MIBC also 
EpCAM negative CTCs were detected, that would have been missed with the CELLSEARCH® 
test. The AccuCyte® – CyteFinder® system could therefore play a potential role in future 
studies by identifying patients with clinically understaged bladder cancer, who might benefit 
from radical cystectomy and/or systemic treatment instead of intravesical therapy. Further 
investigation is underway to evaluate the prognostic utility of this assay for pathologic 
upgrading at radical cystectomy, response to neoadjuvant chemotherapy, and cancer specific 
survival.

Chapter 4 studies the use of nucleolin for the detection of CTCs. As noted previously, there 
is a need for biomarkers to monitor response to therapy and determine prognosis in patients 
with advanced prostate cancer, and current tests for CTCs rely on epithelial markers with 
limited sensitivity and specificity. We show in this chapter that the staining pattern of 
nucleolin, a protein that is associated with proliferative cells, aids in the classification of 
prostate cancer CTCs. We conclude that this finding has the potential to serve as the basis 
for a sensitive and specific CTC detection method.

As discussed in chapters 1 and 2, a plethora of methods is currently available for the 
detection of circulating tumor cells. In Chapter 5 we describe the direct comparison of the 
selection-free AccuCyte® – CyteFinder® system and the ISET system (based on cell-size 
exclusion) for the detection of CTCs in patients with locally advanced and metastatic 
prostate cancer. This study highlights significant disparities in the enumeration and 
phenotype of CTCs detected by both techniques. Although the median amount of 
CTCs/7.5mL blood differed significantly, total CTC counts of both methods were strongly 
correlated. With this study, we concluded again that for future studies, a more uniform 
approach to the isolation and definition of CTCs based on immunofluorescent stains are 
needed to provide reproducible results that can be correlated with clinical outcomes.

Chapter 6 describes the development of an inexpensive ‘lab on a chip’ device for the 
enrichment, staining, and analysis of rare cell populations. Our device utilizes 
immunomagnetic positive selection of antibody-bound cells, isolation of cells through an 
immiscible interface, and filtration. The isolated cells can then be stained utilizing 
immunofluorescence or used for other downstream detection methods. We describe in this 
chapter the construction and initial preclinical testing of our device. Initial tests suggest 
that the device may be well suited for the isolation of CTCs and could allow the monitoring 
of cancer progression and the response to therapy over time.
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PART I I  DISSEMINATED TUMOR CELLS

Chapter 7 summarizes the presumed role of disseminated tumor cells and dormancy in 
prostate cancer metastasis. It has been reported that DTCs can be found in the majority of 
PCa patients, even at time of primary treatment with no clinical evidence of metastatic 
disease. This suggests that these cells escaped the primary tumor early in the disease and 
remain in a dormant state in distant organs until they develop in some patients as overt 
metastases. This chapter describes the pressing need for understanding the mechanisms 
by which cancer cells exit the primary tumor, survive in the circulation, settle in a distant 
organ, and exist in a quiescent state, as these aspects are critical to understanding 
tumorigenesis, developing new prognostic assays, and designing new therapeutic modalities 
to prevent and treat clinical metastases.

Chapter 8 emphasizes the difficulties in accurately detecting CTCs or DTCs using epithelial 
markers, and the high need for prostate-specific biomarkers in the detection of these cells.  
Given the highly potential role of CTCs and DTCs in prostate cancer metastasis, it is 
important to find the most specific markers. There is unfortunately still a lot unknown 
about the expression of these markers in blood and especially bone marrow (BM), as more 
resources and time have not yet been devoted to the studies of these entities to date. In this 
chapter, we have assembled a comprehensive list of published putative prostate-specific 
markers and posit an ideal strategy for staining rare cancer cells from liquid biopsies. The 
ideal prostate-specific marker is expressed on every CTC/BM-DTC throughout disease 
progression (high sensitivity), and is not expressed on other cells in the sample (high 
specificity). We conclude that some markers like AR (androgen receptor) and PSAP 
(prostate specific acid phosphatase) that have been associated with prostate specificity are 
actually expressed on cells throughout the body, especially in blood and bone marrow, 
whereas other markers such as PSA (prostate specific antigen), prostein and HOXB13 
(homeobox protein Hox-B13) seem to be truly prostate-specific, and would make these 
ideal markers for rare cell assays. The goal of future studies must be to uniformly define 
and classify a cell as a CTC or DTC based on prostate-specific markers, to consistently and 
reliably identify rare cancer cells.

Lastly, the rate at which prostate CTCs and DTCs escape the primary lesion and enter the 
peripheral blood and BM niche, representing a first step towards conventionally detectable 
metastases, is unclear, and as discussed previously, current detection methods rely on 
epithelial markers with low specificity and sensitivity. In Chapter 9 we describe the detection 
and characterization of these tumor cells by employing multiple methodologies, utilizing 
both epithelial and prostate-specific markers. BM samples were taken from 208 patients 
with clinically localized disease at time of radical prostatectomy (RP), from 5 patients with 
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metastatic disease, and from 16 control patients, with PB samples from 37 metastatic patients. 
These samples were evaluated at four different centers, with 4 distinct DTC platforms. Two 
platforms utilized antibody enrichment (AdnaTest, VERSA) and the other two used whole 
sample interrogation (RareCyte, HD-SCA). The sensitivity and specificity of both the 
traditional epithelial, as well as prostate-specific markers were investigated, by evaluating 
their level of expression in the different patient groups. In this study, with the AdnaTest 
EpCAM (epithelial cell adhesion molecule), AR and homeobox protein NKX3.1 were present 
in control patients, as well as in a majority of BM samples (non-specific), and thus should 
not be used as ‘prostate-specific’ markers for BM-DTC detection. Furthermore, only 1 BM 
from a patient with localized PCa was positive for the prostate-specific marker PSA 
(AdnaTest). Also, with the VERSA platform no patient with localized disease had DTCs; 
and only one patient had 1 DTC detected with both the RareCyte and HD-SCA platform. 
With this study across multiple DTC detection methods we can conclude that DTCs are 
rarely detectable at the time of RP. These results imply that prostate cancer metastasis may 
occur via the lymph nodes (as a reservoir for recurrent disease), rather than the BM.

CONCLUSIONS AND FUTURE PERSPECTIVES

Investigating circulating and disseminated tumor cells in liquid biopsies as an alternative 
and/or supplement to standard biopsies will become more and more important in future 
studies as it can provide repeated and easily obtainable snapshots of the primary and 
metastatic lesions, and thereby help in a non-invasive manner in personalized medicine. 
The goal of precision medicine is to shift from a uniform model of patient management 
that is applied to every patient, to a more customized personal treatment based on the 
biology of the disease and the predicted response to therapy. This could be valuable in 
particular for monitoring treatment response and early notice/evidence of therapy resistance 
or recurrence of disease.

The general aims of this thesis were to investigate the difficulties in correctly calling cells 
circulating and disseminated tumor cells in patients with high-risk and metastatic prostate 
and urothelial cancer, the urgent need for disease-specific markers in the detection of these 
cells, and in extension: the need for a uniform CTC detection method.
Another goal was trying to understand how and when prostate cancer cells really leave the 
primary tumor and enter (most likely) the BM niche, representing a first step towards 
detectable metastasis, by investigating the detection of DTC in the BM of patients with 
localized and metastatic PCa with 4 distinct DTC platforms. Two detection methods utilized 
antibody enrichment (AdnaTest, VERSA), and the other two used whole sample 
interrogation (RareCyte, HD-SCA), with both epithelial and prostate-specific markers.
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Disease-specific markers 
We can conclude that the need for non-epithelial markers is especially important for DTCs, 
not as much for CTCs, as healthy individuals should not have epithelial cells circulating in 
their blood. Because EpCAM-based methods have been the most common used methods 
to isolate CTCs, it is unknown how frequently the loss of epithelial markers (due to the 
epithelial mesenchymal transition (EMT)) occurs. These cells will therefore be excluded 
from enumeration with EpCAM-based methods, and this could be a motivation to use 
selection-free methods AND disease-specific markers for CTC detection. Using disease-
specific markers for DTCs on the other hand, is a pure must, as epithelial markers are 
normally expressed in the BM. 
Even though RT-PCR is more sensitive in terms of its ability to detect small amounts of 
RNA, it does not provide information (unlike immunofluorescence (IF) studies) about 
cellular heterogeneity in terms of which cells express which RNA. The strength of using 
disease-specific markers with IF is the fact that it can provide important visual proof of 
protein expression, and furthermore multiplex ‘stripping’ assays can provide expression 
information about multiple proteins (epithelial, prostate-specific, as well as for example the 
protein nucleolin) on a single cell. Future studies must therefore continue to focus on 
finding the most sensitive and specific prostate-specific markers, by testing these markers 
in a broad range and high number of healthy BM samples, healthy BM samples with spiked 
cancer cells, and BM samples of patients with different stages of PCa. 

The need for a uniform CTC detection method
In our own search for the most sensitive and specific CTC detection method, we started 
on ‘betting on many different horses’ by testing a couple of different methods at the same 
time. As reported in Chapter 6, our lab, therefore, also contributed to ‘the excess’ of different 
rare cell detection methods, by developing our Surface Tension Magnetophoretic Device 
(yet only preclinical tested). Furthermore, when comparing different assays (Chapter 5), 
we came to the conclusion that the lack of uniformity in used technologies and definitions 
could definitely hinder the implementation of CTC measurement in clinical routine 
practice. Therefore, we recommend that in the future, to attain reproducible results that 
can be correlated with clinical outcomes, one uniform definition and approach is needed, 
based on immunofluorescent stains.

Circulating Tumor Cells - Bladder Cancer 
For CTCs in patients with bladder cancer in particular, we hypothesize, based on our initial 
work, that the selection-free AccuCyte® – CyteFinder® system can be utilized for the 
detection of CTCs in bladder cancer patients. The results furthermore may demonstrate 
prognostic utility for pathologic upgrading at radical cystectomy (RC), response to 
neoadjuvant chemotherapy (NAC), and cancer specific survival (CSS) (Chapter 3). In 

201757 proefschrift_Emma van der Toorn.indd   176 04-04-18   08:52



SUMMARIZING DISCUSSION AND FUTURE PERSPECTIVES

177

10

future studies, we therefore would like to focus on the enumeration of CTCs from peripheral 
blood samples of a large cohort of MIBC patients who will undergo RC, again using the 
selection-free AccuCyte® – CyteFinder® system. By obtaining a first sample to enumerate 
CTCs prior to NAC, as well as a sample after adequate completion of neoadjuvant therapy 
(at the time of RC), we could investigate the relationship of CTC count and change in CTC 
count after NAC with pathologic up- or downgrading at RC. Another research interest is 
the enumeration of CTCs from a cohort of metastatic UC patients, to evaluate cancer 
specific survival by CTC count. 

Disseminated Tumor Cells
With respect to the Disseminated Tumor Cells, we can conclude that being able to detect 
DTCs in the bone marrow of PCa patients with prostate-specific markers is definitely a 
very important step in understanding how and when prostate cancer cells leave the primary 
tumor and when in this process they enter the BM niche, representing a first step towards 
detectable metastasis (1). More important is eventually finding a way to target and treat 
these cells. Preferably before becoming overt metastatic lesions, as these metastases result 
in the deaths of approximately 28,000 prostate cancer patients each year in the United States 
(2). As discussed in Chapter 7, DTCs travel from the primary tumor site eventually to the 
bone marrow, which unfortunately provides a chemoprotective environment (3, 4). There 
are different theoretical strategies to ‘treat’ dormant DTCs (‘chronic dormancy maintenance 
therapy’) to keep dormant tumor cells quiescent (5), ‘niche-targeted agents’ to sensitize the 
DTCs to cytotoxic treatment (6), and ‘indirect targeting’ with bisphosphonates as it has 
been shown that these strategies may contribute to DTC eradication in the BM (7)). In our 
lab, we are especially interested in the second strategy. As discussed previously, it is known 
that the CXC chemokine receptor 4 (CXCR4) is highly overexpressed in prostate cancer, 
and it has furthermore been shown that CXCR4 plays a role in bone homing. Hematopoietic 
stem cells (HSCs) occupy the same niche as DTCs within the bone marrow, and these cells 
also express CXCR4. (8-11). CXCR4 antagonism can mobilize HSCs from the bone marrow 
niche (12-14), and previous studies have shown that human tumor cells can also be 
mobilized from the bone marrow niche via the same mechanism (14). We hypothesize that 
CXCR4 inhibition will mobilize DTCs from the chemoprotective bone marrow niche into 
circulation, thereby causing them to proliferate and become sensitive to chemotherapy 
(docetaxel) and/or immunotherapy.
There are still many important questions that have to be answered. First of all, what is the 
percentage of BM-DTCs that are mobilized with CXCR4 antagonism? Previously, our lab 
used a qPCR strategy to quantify tumor cells in the bone marrow and blood of mice (15). 
This method was deficient and not preferable, because it was not possible to visualize and 
therefore not possible to quantify the cells, neither could they further investigate the cells. 
Our lab therefore developed a novel immunofluorescence protocol for the detection and 
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quantification of tumor cells in the murine bone marrow (16). We will use this technique 
in future studies to determine the percentage of bone marrow DTCs that are mobilized. 
Another important question that has to be answered is whether or not mobilized DTCs 
proliferate once mobilized. This is crucial to know, because most chemotherapy used for 
metastatic PCa relies on the proliferating property of (tumor) cells. The data from these in 
vivo murine experiments, which would be impossible to get from humans, will go hand in 
hand with a pilot study/a first-in-prostate cancer clinical trial that we are running testing 
the same hypothesis in men with metastatic prostate cancer. Combined, these data will be 
very important in deciding whether mobilization therapy combined with chemotherapy 
and/or immunotherapy is an effective strategy for treating metastatic PCa. 
As shown in Chapter 9, prostate cancer disseminated tumor cells are rarely detected in the 
bone marrow of localized patients undergoing radical prostatectomy across multiple rare 
cell detection platforms, which suggests that DTCs are typically not present in patients with 
localized PCa. Our current thought is that DTCs will probably first lodge down somewhere 
else in the body, most likely in the lymph nodes, before travelling to the bone marrow to 
become an overt metastasis. Therefore, future studies must focus on determining whether 
lymph node DTCs, can also be mobilized via CXCR4 inhibition and subsequently treated 
(with either chemo- and/or immunotherapy) in these patients, thereby preventing the 
development of these cells into overt metastases.
Lastly, it has to be noted that it is still difficult to determine which patients will benefit from 
targeting dormant cancer cells, as it is not known which patient will/will not eventually 
develop metastatic disease. Future research must shine a light if all early-stage patients with 
detected DTCs in the BM and/or other sites like the lymph nodes, but no other signs of 
disease, should be treated.
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SAMENVATTING

Circulerende en Disseminerende Tumorcellen in patiënten met hoog-risico en 
gemetastaseerde genito-urinaire kankers.

Hoofdstuk 1 schetst de achtergrond van dit proefschrift door de potentiële klinische 
toepassing van circulerende tumor cellen (CTCs) te beschrijven in patiënten met prostaat- 
en blaaskanker, inclusief vroege kanker detectie, ziekte stagering, het monitoren van 
terugkeer van ziekte, het geven van een prognose en hoe het tevens kan helpen bij het 
maken van de juiste therapiekeuze. Op het gebied van de urologische oncologie zijn CTCs 
het meest bestudeerd als prognostische biomarkers in patiënten met castratie-resistente 
prostaatkanker. Recente data ondersteunen een belangrijke rol voor CTCs om patiënten te 
identificeren die het meest waarschijnlijk positief zullen reageren op nieuwe androgeen-
gerichte therapieën, zoals abiraterone en enzalutamide (AR-V7). CTCs zijn ook, hoewel 
minder uitgebreid, onderzocht als voorspellende biomarkers bij patiënten met blaaskanker, 
met name om patiënten te identificeren wiens ziekte klinisch onder-gestageerd is.
Helaas is minder bekend over het karakter en het klinische belang van disseminerende 
tumorcellen (DTCs) in het beenmerg. Het tweede deel van dit proefschrift is gericht op 
de veronderstelde rol van deze cellen in het ontstaan van klinisch detecteerbare 
metastasen, de moeilijkheden in het correct benoemen van deze cellen als ‘echte’ DTCs 
en de onmiddellijke behoefte aan prostaat-specifieke markers voor de detectie van deze 
cellen. 

DEEL I  CIRCULERENDE TUMOR CELLEN

Tot op heden zijn een groot aantal strategieën ontwikkeld en beschreven om CTCs te 
isoleren en karakteriseren. Echter, deze technieken hebben elk unieke beperkingen in hun 
vermogen om deze sporadische cellen te detecteren. Hoofdstuk 2 richt zich op de technische 
beperkingen en valkuilen van de meest gebruikte CTC isolatie en detectie strategieën. 
Verder benadrukken we de moeilijkheden in het correct classificeren van ‘zeldzame cellen’ 
als daadwerkelijke CTCs, onder gebruikmaking van de standaard markers. In dit hoofdstuk 
concluderen we dat voor toekomstige bepalingsmethoden de eerste stap moet zijn een 
uniforme en heldere definitie van de criteria om een object een CTC te mogen noemen, 
gebaseerd op ziekte-specifieke biomarkers.

In Hoofdstuk 3 rapporteren we over de telling en karakterisatie van CTCs bij patiënten 
met urotheelcarcinoom (UC) in verschillende stadia van ziekte (met inbegrip van niet-
spierinvasieve blaaskanker (NMIBC), spierinvasieve blaaskanker (MIBC) en 
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gemetastaseerde UC), gebruikmakend van het selectie-vrije AccuCyte® – CyteFinder® 
systeem, welke gebruik maakt van de epitheliale markers pancytokeratine (panCK) en 
EpCAM. In deze studie werden CTCs gedefinieerd als cellen met een celkern, die op zijn 
minst positief zijn voor panCK, maar negatief voor de witte bloedcel markers CD45 en 
CD66b. Separaat werd de meer restrictieve CELLSEARCH® definitie ook toegepast, met 
het bijkomende vereiste van de cellen om EpCAM positief te zijn. Verrassend genoeg 
werden CTCs met het AccuCyte® – CyteFinder® systeem gedetecteerd in alle UC stadia 
en tevens toonden deze cellen fenotypische diversiteit voor celgrootte en EpCAM 
expressie. EpCAM negatieve CTCs die dus gemist zouden zijn met de CELLSEARCH® 
test werden gedetecteerd in patiënten met NMIBC en MIBC. Het AccuCyte® – CyteFinder® 
systeem zou daarom in toekomstige studies een potentiële rol kunnen spelen bij het 
identificeren van patiënten die klinisch onder gestageerde blaaskanker hebben, die 
wellicht baat hebben bij een radicale cystectomie en/of systemische therapie, in plaats 
van intravesicale behandeling. Verder onderzoek is onderweg om de prognostische 
bruikbaarheid van deze bepalingsmethode te onderzoeken bij het pathologisch upgraden 
ten tijde van radicale cystectomie, reactie op neo-adjuvante chemotherapie en kanker-
specifieke overleving.

Hoofdstuk 4 onderzoekt het gebruik van nucleolin voor de detectie van CTCs. Zoals eerder 
vermeld, is er behoefte aan biomarkers om de respons op therapie te monitoren en de 
prognose te bepalen bij patiënten met gevorderde prostaatkanker. Huidige CTC 
detectietesten zijn afhankelijk van epitheliale markers met gelimiteerde sensitiviteit en 
specificiteit. We laten in dit hoofdstuk zien dat het kleuringspatroon van nucleolin, een 
eiwit dat geassocieerd is met prolifererende cellen, helpt bij het classificeren van 
prostaatkanker CTCs. We concluderen dat deze bevinding de potentie heeft om als basis 
te dienen voor een sensitieve en specifieke CTC detectie methode.

Zoals beschreven in hoofdstukken 1 en 2, is er momenteel een overvloed aan methodes 
beschikbaar om circulerende tumor cellen te detecteren. In Hoofdstuk 5 beschrijven we 
een studie waarbij we een directe vergelijking doen van het AccuCyte® – CyteFinder® 
systeem en het ISET systeem (gebaseerd op celgrootte exclusie) voor de detectie van CTCs, 
bij patiënten met lokaal gevorderde en gemetastaseerde prostaatkanker. Deze studie brengt 
significante verschillen naar voren in de telling en het fenotype van de CTCs gedetecteerd 
met beide technieken. In dit hoofdstuk laten we zien dat ondanks het feit dat het mediane 
aantal CTCs/7.5mL bloed significant verschilt, de totale CTC aantallen verkregen met beide 
technieken sterk gecorreleerd zijn. Met deze studie concluderen we dan ook weer dat voor 
toekomstige studies, een meer uniforme benadering nodig is voor de isolatie en definitie 
van CTCs, gebaseerd op immunofluorescentie kleuringen, om zo reproduceerbare resultaten 
te verkrijgen die gecorreleerd kunnen worden met klinische uitkomsten.
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Hoofdstuk 6 beschrijft de ontwikkeling van een goedkope ‘lab op een chip’ instrument 
voor de verrijking, kleuring en analyse van populaties zeldzame cellen. Ons instrument 
gebruikt immunomagnetische positieve selectie van antilichaam-gebonden cellen, isolatie 
van cellen door een onmengbare interface en tot slot filtratie. De geïsoleerde cellen kunnen 
vervolgens gekleurd worden met behulp van immunofluorescentie of gebruikt worden voor 
andere downstream detectie methoden. In dit hoofdstuk beschrijven we de constructie en 
initiële preklinische testen van ons instrument. Deze testen suggereren dat ons instrument 
geschikt zou kunnen zijn voor de isolatie van CTCs en daarbij kan helpen bij het monitoren 
van kanker progressie en reactie op therapie over een langere periode.

DEEL I I  DISSEMINERENDE TUMOR CELLEN

Hoofdstuk 7 vat de veronderstelde rol samen van disseminerende tumor cellen en hun 
(tijdelijke) ‘slaapstand’ bij de metastasering van prostaatkanker. Eerder is gerapporteerd 
dat DTCs gevonden kunnen worden bij de meerderheid van de prostaatkanker patiënten, 
zelfs ten tijde van primaire therapie met geen klinisch bewijs voor gemetastaseerde ziekte. 
Deze data suggereren dat deze cellen al vroeg in de ziekte ontsnapt zijn aan de primaire 
tumor en in staat zijn om latent/slapend aanwezig te zijn in organen op afstand, vóórdat 
ze zich ontwikkelen in een klinisch detecteerbare uitzaaiing. Dit hoofdstuk beschrijft de 
dringende noodzaak voor het begrijpen van de mechanismen waarom kankercellen de 
primaire tumor verlaten, hoe ze de circulatie overleven, zich vervolgens vestigen in een 
orgaan op afstand en in een slapende/quiescent staat blijven, alvorens zich te ontwikkelen 
tot een klinisch detecteerbare metastase. Dit alles is cruciaal om de tumor genese te 
begrijpen, nieuwe prognostische bepalingsmethoden te ontwerpen en nieuwe therapeutische 
modaliteiten te ontwikkelen om klinische metastasen te voorkomen en te behandelen.

Hoofdstuk 8 vat de moeilijkheden samen in het accuraat detecteren van CTCs en DTCs 
met gebruikmaking van epitheliale markers en de noodzaak voor prostaat-specifieke 
biomarkers voor de detectie van deze cellen. Gegeven de veronderstelde rol van CTCs en 
DTCs bij de metastasering van prostaatkanker, is het zeer belangrijk om de meest specifieke 
markers te vinden. Er is helaas nog steeds veel onbekend over de expressie van deze makers 
in bloed (PB) en met name beenmerg (BM), doordat tot op heden weinig bronnen en tijd 
geïnvesteerd is om dit te onderzoeken. In dit hoofdstuk hebben we een uitgebreide lijst 
verzameld van gepubliceerde veronderstelde prostaat-specifieke markers en geven daarbij 
een suggestie voor een ideale strategie voor het kleuren van zeldzame kankercellen in ‘liquid 
biopsies’. De ideale prostaat-specifieke marker wordt tot uiting gebracht door elke CTC/
BM-DTC gedurende de progressie van de ziekte (hoog sensitief) en wordt tevens niet tot 
uiting gebracht door andere cellen in het monster (hoog specifiek). We concluderen dat 
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sommige markers zoals AR (androgen receptor) en PSAP (prostate specific acid phospatase), 
die tot heden geassocieerd zijn met prostaat specificiteit, in werkelijkheid ook door andere 
cellen in het lichaam tot expressie worden gebracht, met name in bloed en beenmerg; terwijl 
andere markers zoals PSA (prostaat specific antigeen), prostein en HOXB13 (homeobox 
eiwit HoxB13) werkelijk prostaat-specifiek lijken te zijn (en dus ideale markers zouden 
kunnen zijn voor ‘rare cell’ bepalingsmethoden. Het doel van toekomstige studies moet 
zijn om cellen uniform te definiëren en te classificeren als een CTC of DTC, gebaseerd op 
prostaat-specifieke markers, om zo consistent en betrouwbaar deze zeldzame kankercellen 
te kunnen identificeren.

Tot slot, de veelvuldigheid waarmee prostaat CTCs en DTCs ontsnappen aan de primaire 
haard en de perifere bloedbaan en beenmerg niche binnenkomen (en daarmee een eerste 
stap naar conventionele detecteerbare metastasen representeren), is onduidelijk en, zoals 
eerder besproken, zijn huidige detectie methoden afhankelijk van epitheliale markers met 
lage specificiteit en sensitiviteit. In Hoofdstuk 9 beschrijven we de detectie en karakterisering 
van deze tumor cellen door het aanwenden van verscheidene methodes, gebruikmakend 
van zowel epitheliale en prostaat-specifieke markers. BM monsters werden afgenomen bij 
208 patiënten met klinisch gelokaliseerde ziekte ten tijde van radicale prostatectomie (RP), 
van 5 patiënten met gemetastaseerde ziekte en van 16 controle patiënten. Tevens werden 
PB monsters afgenomen van 37 patiënten met gemetastaseerde ziekte. Deze samples werden 
geëvalueerd in vier verschillende centra, met 4 verschillende DTC platforms. Twee platforms 
maakten gebruik van antilichaam-verrijking (AdnaTest, VERSA) en de andere twee 
evalueerden volbloed monsters (RareCyte, HD-SCA). De sensitiviteit en specificiteit van 
zowel de traditionele epitheliale markers, als ook de prostaat-specifieke markers werden 
onderzocht, door het evalueren van hun expressie level in de verschillende patiëntgroepen. 
In deze studie werden EpCAM (epithelial cell adhesion molecule), AR en homeobox protein 
NKX3.1-positieve cellen gevonden in controle patiënten (AdnaTest), als ook in de 
meerderheid van de BM monsters (niet-specifiek) en zouden dus niet moeten worden 
gebruikt als ‘prostaat-specifieke’ markers voor BM-DTC detectie. Verder was maar één BM 
van een patiënt met gelokaliseerde PCa positief voor de prostaat-specifieke marker PSA 
(AdnaTest). Met het VERSA platform had geen enkele patiënt met gelokaliseerde ziekte 
DTCs detecteerbaar en maar één patiënt had 1 DTCs detecteerbaar met zowel het RareCyte, 
als het HD-SCA platform. Met deze studie, waarbij gebruik gemaakt werd van verscheidene 
DTC detectie methoden, kunnen we concluderen dat DTCs zelden detecteerbaar zijn ten 
tijde van radicale prostatectomie. Deze resultaten impliceren dat prostaat kanker 
metastasering mogelijk geschiedt via de lymfeklieren (als een reservoir voor terugkerende 
ziekte), in plaats van het BM.
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And it has come to an end…. almost 2 years in Baltimore. First as part of the research 
component of medical school, next as my Ph.D. project in collaboration with the Urology 
department of the Academic Medical Center in Amsterdam. It has been one of the best 
journeys of my life. I would like to thank everyone who contributed to this work and has 
made a contribution to my development as a researcher. I want to specifically thank the 
following people:

Patients 
First of all, I would like to thank all the patients that wanted to participate in our studies 
by donating a blood or bone marrow sample, thereby contributing to my thesis. My thesis 
would not have been possible without you. Also the interaction with you during Dr. Pienta’s 
clinic, where you all showed an enormous spirit and immense positivity, inspired me 
tremendously and made me realize repeatedly why I had decided to temporary leave 
everything behind and move all the way to Baltimore to work on this project.

AMC Promotor en co-promotor
Prof. de la Rosette. Ik ben zeer dankbaar voor de mogelijkheid die u voor mij hebt gecreëerd 
om, met een beurs van uw stichting Cure for Cancer, terug te keren naar Baltimore om 
mijn onderzoek in Baltimore voort te zetten en uiteindelijk op dit werk in Nederland te 
promoveren. Ook veel dank voor de manier waarop u gereageerd hebt op het feit dat ik 
helaas wegens omstandigheden mijn onderzoek in Baltimore iets eerder dan gepland af 
heb moeten breken. 

Dr. de Reijke. Als geneeskundestudent kwam ik, nog vóór mijn wetenschappelijke stage, 
bij u langs om te regelen dat ik na die stage nog een extra-curriculair coschap bij jullie op 
de afdeling zou mogen lopen. Toen kwamen we ook te spreken over mijn geplande stage 
in het Hopkins en was u direct enthousiast. Hierdoor hebben we ook gedurende mijn 
wetenschappelijke stage regelmatig contact gehouden. Dank voor de onvermoeibare 
interesse die u in mij hebt getoond en het volledige vertrouwen dat u in mij hebt gehad, 
waardoor u voor mij de kans hebt gecreëerd om terug te keren naar het Hopkins om door 
te gaan met mijn onderzoek en dit uiteindelijk in Nederland uit te laten monden in een 
promotie. 

Johns Hopkins co-promotor 
Prof. Pienta, Dear Ken, I want to thank you with all my heart for the incredible (almost) 2 
years in your lab. It has been such a great journey; actually the best of my life. I have learnt 
so much, made such good friends, had a great and totally different life compared to NL, 
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and all these factors have helped me grown immensely as a person. Thank you so much for 
all the guidance, hospitality and opportunities you have given me. I could not have wished 
for a better mentor and I will forever be inspired by your drive to cure prostate cancer. You 
will always stay one of the best role models I had in my life, and I really hope that I can pass 
your enormous drive and energy to all the people I will meet during my future career. 

Leden van de promotiecommissie; Dr. Bins, prof. Legemate, prof. Medema, prof. van 
Moorselaar, prof. Schalken, prof. van de Vijver en prof. Wuhrer: bedankt voor het 
beoordelen van mijn proefschrift. Ik hoop dat jullie het met plezier hebben gelezen.

Pienta Lab &co Johns Hopkins
Dr. Coffey - Fondly remembered. Thank you for sharing your amazing knowledge with all 
of us during the lab meetings, journal clubs and seminars. Your positive, kind and warm 
approach made it a pleasure to debate with you about all kind of subjects in the lab.

Prof. Stoianovici. Even though I had a love-hate-relationship with our device: I was always 
very delighted when it was time again to take the shuttle to Bayview to play with another 
new version of the device. Thank you for the immense fun and crazy times in your URobotic 
lab. It has been a real honour working with you!

James, Big Hero. That is what you are for me. When I first arrived in lab, I almost even did 
not know how to hold a pipette. As I almost had no lab/cellular/physics/etc-background 
you literally taught me e-ve-ry-thing I had to know to function normally in a lab. I think 
I have never met such a smart and friendly person in my life and I am so proud that you 
just followed your dreams and that you are now a medical student at Drexel! Way to go!

Ken V(alkenburg), my old (semi) Dutchie. The first year in lab we did not work a lot 
together, but this changed during my second year. Sorry that you had to sit back-to-back 
with this crazy girl from Dutch Wonderland. Your impressive teaching skills, knowledge 
and patience have brought me to another level and I really miss our great conversations 
about lab work, life and what not. Thanks so much for everything and I’m really grateful 
that you can attend my defense in NL and finally see the country where you originate from!

Mike and Heather. Thank you both so much. As a (hopefully) future urology resident, it 
was extremely educational to work with you guys. The great suggestions and ideas to 
improve or set-up new experiments, the fantastic help with optimizing papers, the patience... 
‘Only great is good enough’, and this approach definitely helped me to become much more 
accurate and I am confident that this will definitely help me in my future career. 
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Steph, Thanks! It was great that you joined the CTC/DTC team the second year I was at 
Hopkins. Our coffee breaks, 3pm walks, tea-times and the many-many jokes and songs 
blasting through our part of lab are totally unforgettable. I wish you all the best and I feel 
100% confident that you are getting into medical school next year. 

Amber, Brandy, Diane L., Diane R., Don, Gonzalo, Haley, Hernandez, Jelani and Sarah: I 
would like to thank you guys tons for the relaxt and open attitude in lab. I’m still missing 
my Baltimore family everyday… & the FriYAY beers on our porche of course (Best spot at 
Hopkins!!) Wish you guys all the best!

Mede arts-onderzoekers AMC
Abel, Christophe, Esmee, Ilaria, Jaap, Jan Erik, Mara, Matthijs, Olivia en Rob: dank jullie 
wel voor de warme ontvangst op de uro afdeling bij terugkomst uit Baltimore! Ik ga de vele 
koffietjes, uitgebreide lunches en gezelligheid zeker missen; onze onmenselijke mini-
kamertjes zonder ramen en zuurstof daarentegen helemaal niet! Rob, kamergenoot, jij in 
het bijzonder bedankt voor de maandenlange symbiose samen op een kamer van 2x2m, 
met onze halve liters koffie, het ene na het andere hitje dat je uit je mooie boxen blies, plus 
natuurlijk niet te vergeten de uitgebreide kennis die ik nu heb opgedaan over intense work-
outs, tank tops en drag queens.

Afdeling Urologie AMC
Alle arts-assistenten en stafleden Urologie: veel dank voor de collegialiteit en leuke maanden 
op de afdeling!

The Baltimore Dutchies
Dank jullie wel dat ik mijn tijd in de mooiste stad van Amerika samen met jullie heb mogen 
doorbrengen. Annie, Marise, Michaël, Niek, Toby, Vincent en Wendy: het was heel fijn om 
met jullie (op wisselende momenten) op het mooie Guilford Avenue te wonen. Het 
gigantische huis, de vele kamers, het ontzettende binge-watchen achter de immense TV, 
het chillen op de typisch Amerikaanse porche… Daarnaast, ook met Egbert, Maite, Joost 
en Patrick, de heerlijke biertjes bij Waverly, de beste sushi bij Minato, ijsjes bij The Charmery, 
de vele burgers (everywhere), de uitgebreide brunches bij mijn all-time favorite Woodberry 
Kitchen (ok, onze vrije tijd bestond klaarblijkelijk met name uit eten en drinken..), maar 
ook de tripjes naar de geweldige steden rondom Baltimore en de ontspannen hikes in de 
prachtige natuur die Baltimore omgeeft, om zo even te ontkomen aan de drukte rondom 
onze onderzoeksprojecten… Zonder al deze fijne afleiding met jullie (en het toch wel beetje 
familiegevoel) had ik het sowieso niet twee jaar volgehouden! 
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Lief ’09
Chili, Dora, Flu, Gotmar, Hansie, Mac, Nug, Rio, Ro, en Wil: wat hebben wij de afgelopen 
jaren een heerlijk leven met elkaar gehad en fantastische avonturen beleefd. Ook al heb ik 
twee jaar lang vele borrels, dinertjes, feestjes en vakanties moeten missen – iedere keer dat 
ik even in Nederland was, was het weer als vanouds en was er (gelukkig) stiekem bar-weinig 
veranderd. Vriendschap kent gelukkig geen afstand en ik ben waanzinnig blij dat ik me 
eindelijk weer lekker met jullie in het Amsterdamse leventje kan begeven…

Nien
Wat een feest dat we tegelijkertijd in Amerika woonden op maar 3 uur afstand. Jij had het 
eigenlijk net wat beter voor elkaar door in NYC te zitten, hoewel Baltimore ook zeker zijn 
charme heeft. Uiteindelijk hebben we elkaar tijdens ons verblijf minder vaak kunnen zien 
dan vooraf gehoopt, maar toch voelde het heerlijk vertrouwd om zo’n goede vriendin op 
(voor Amerikaanse begrippen) zo’n korte reisafstand te hebben. Je moet uiteindelijk wel 
weer terugkomen naar NL he?

Floor en Eef
Verdorie, net toen ik naar Baltimore verhuisde, kwamen jullie eindelijk ook naar 
Amsterdam! Wat relaxt en fijn dat we nu weer met zijn drieën op 5 minuten afstand van 
elkaar wonen, net zoals de good old times in Den Haag!!

Mijn paranimfen
Lieve Marrie (Marise), zelfs al vóórdat ik naar Baltimore verhuisde voelde het al vertrouwd 
door jouw woorden ‘we kijken ontzettend uit naar je komst’ (zonder dat je me kende). 
Direct bij aankomst vertelde je me welke blocks in Baltimore veilig waren en welke totaal 
niet. Oké dacht ik, dit is wel héél random, er zit totaal geen systeem in (en dat bleek ook...). 
Burgerde je me meteen in bij jouw vrienden, liet je me de leukste restaurantjes en bars van 
Baltimore zien en sleurde je me mee naar jouw Yoga school. Direct was ik verknocht en ik 
wil niet weten hoeveel tijd we hier hebben doorgebracht om hier ’s avonds laat, na een zeer 
lange dag werken, een botte work-out te krijgen en weer helemaal zen te worden. Ik kijk 
op tegen je waanzinnige positiviteit (ondanks soms mindere tijden gedurende je eigen 
onderzoek) en het vermogen om er altijd voor andere mensen te zijn. Ik ben heel erg blij 
dat ik er sinds Baltimore zo’n goede vriendin bij heb gekregen en vind het geweldig dat je 
bij mijn verdediging aan mijn zijde wil staan!

Lieve Mac (Anne), dit jaar zijn we al weer ’09 jaar goede vriendinnen; dat moet een teken 
zijn. De afgelopen jaren hebben we samen waanzinnige hoogtepunten, maar helaas ook 
enorme dieptepunten meegemaakt. Ik heb ontzettend veel bewondering voor je 
onvermoeibare energie, uithoudingsvermogen, altijd luisterende oor en het feit dat je 
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(bijna!) altijd in bent voor een belletje, drankje of etentje. Daarnaast ben ik enorm blij te 
zien dat je nu eindelijk zo goed op je plek bent bij je huidige baan. Het is je zo gegund. Het 
is voor mij heel waardevol dat je een kijkje hebt genomen in mijn leventje in Baltimore en 
om deze herinnering samen te delen. Ik hoop en ga er vanuit dat we nog vele mooie 
avonturen gaan beleven en herinneringen zullen maken. Vandaag kunnen we er in ieder 
geval aan toevoegen!

Mijn familie
Lieve Thijs en Hylk, wat ben ik blij en dankbaar om jullie als mijn (grote) broers te hebben. 
Ik kijk terug op een heerlijke jeugd samen en ben heel trots op waar jullie beiden nu in het 
leven staan. Alle drie zijn we nu druk met onze eigen dingen, maar door regelmatig een 
appje of belletje vanuit Rotterdam (Hylke), een kopje thee of zwaai uit het raam naar mijn 
buurman in Amsterdam (Thijs), of een gezellig etentje met de family in Den Haag, blijf ik 
onze warme verbinding voelen.

Lieve pap en mam, dit proefschrift is niet voor niks voor jullie. Ondanks het feit dat jullie 
volgens mij niet altijd even blij waren met het feit dat ik de afgelopen jaren zoveel in het 
buitenland heb gezeten (van enkele maanden vrijwilligerswerk in ziekenhuisje in Uganda, 
een chirurgie coschap in het criminele Pretoria in Zuid-Afrika, een paar maanden reizen 
door Zuid-Oost Azië, tot bijna twee jaar onderzoek in één van de meest criminele steden 
van Amerika (ik kies ze lekker uit)), hebben jullie me altijd het gevoel gegeven dat jullie 
volledig achter mijn beslissingen staan. Heel veel dank voor al jullie steun, liefde, 
betrokkenheid, vrijheid en kansen die jullie me tot nu toe in mijn leven hebben gegeven. 
Ook ben ik jullie enorm dankbaar voor de fijne en warme thuisbasis waar wij zijn opgegroeid 
en waar ik nog steeds met ontzettend veel zin en plezier naar terug kom. Bedankt voor alles.
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