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Abstract

Circulating tumour cells (CTC) can be found in blood of cancer patients. A
high number of CTC in blood indicates a poor prognosis. These CTC can have
an epithelial like, more adhesive phenotype, can be more motile, like cells with a
mesenchymal phenotype, or have a hybrid state. The state of cells depends on
the degree of epithelial-to-mesenchymal transition (EMT) they underwent. Cells
express different markers, depending on their EMT state. The CellSearch system
isolates CTC based on EpCAM expression, which are subsequently identified by
the expression of cytokeratin. Both of these markers are indicative of an epithelial
phenotype and are not expressed in mesenchymal cells. Cells that do not express
these markers are either not isolated or not detected by the CellSearch system.

The goal of this project is to identify markers that can be used next to EpCAM
and cytokeratin for the identification of CTC subpopulations. Therefore, immunos-
taining of PSMA, E-cadherin, N-cadherin, cadherin-11, SLUG and EGFR was tested
on cancer cell lines and blood cells. For low abundance proteins, the amplification
methods proximity ligation assay (PLA) and tyramide signal amplification (TSA)
were developed and applied. To determine the cancerous origin of EpCAM negative
cancer cells in filtered blood of the CellSearch system, microRNA-21 detection with
fluorescent in situ hybridisation and TSA was investigated.

After optimisation of the staining protocol, cancer cells could be discriminated
from white blood cells with 2 µL anti-PSMA per 100 µL cell suspension, 2 µg/mL
E-cadherin or 2 µg/mL cadherin-11 staining. Even though the staining protocol for
N-cadherin was optimised to 2 µg/mL it could only be detected in cell-cell contact
areas of adhering cells. Spiked tumour cells and white blood cells could not be
discriminated based on used anti-SLUG and anti-EGFR staining.

With PLA and TSA low abundance proteins could be detected. Compared to
TSA PLA showed better spatial resolution, enabling single molecule quantification.

MicroRNA-21 expression could neither be detected in cells nor when hybridising
the anti-microRNA-21 probe against the amplified microRNA-21 gene.

It is concluded that suitable markers for identification of CTC are epithelial
marker E-cadherin, mesenchymal marker cadherin-11 and PSMA which is expressed
by CTC in different phenotypic states and that low abundance proteins are detected
with signal amplification.

Keywords: CTC, EMT, EpCAM, MET, microRNA-21, PLA, TSA, tumour
markers
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1 Introduction

A neoplasm, from Greek neo ”new” and plasma ”thing formed”, is the result of the
autonomous growth of cells in a specific part of the body. The cancerous cells reproduce
uncontrollably and are able to invade locally, causing damage to surrounding tissues, and
spread to other areas. [1] The migration of malignant cells is called metastasising and
accounts for more than 90% of cancer-related deaths [1–3]. In 2015, 8.8 million people
died from cancer in the world. [4] Specific proteins of malignant neoplasms, also called
tumour markers, can be detected in the cells themselves or in body fluids.

In a minimally invasive way, circulating tumour biomarkers, such as circulating tumour
cells (CTC) from which metastases originate, can be obtained from blood. Biomarkers
give information for the selection of a suitable therapy, by presence or absence of targets for
targeted therapy, and information about patient prognosis and tumour progression. [1,5–8]
CTC have a half-life time in blood of 1.0 to 2.4 h [9], which enables dynamic monitoring
in time. However, CTC are rare and using the CellSearch system currently only CTC are
captured that express epithelial cell adhesion molecule (EpCAM) [6,8].

1.1 Origin of circulating tumour cells

Epithelial cells and malignant epithelial cells are non-motile and encased via cell-cell tight
junctions. To be able to invade and colonise another part of the body, the cells must un-
dergo a transformation. The steps that primary tumour cells undergo during metastasis,
called epithelial-to-mesenchymal transition (EMT), are thought to be as described below.

First, a cell adapts to a phenotype that permits enhanced motility, detaches from its
neighbouring cells in the primary tumour and breaks through the basement membrane
by dissolving it. This makes it a malignant tumour. Invasion of these malignant cells
then requires the passage through the extracellular matrix (ECM). Proteolytic enzymes,
such as matrix metalloproteinases, are expressed on invadopodia by invading cells, leading
to degradation of the ECM. Invadopodia also help navigating sensing chemoattractive
molecules and through exploration of cell-cell and cell-matrix adhesions.

At some point, the cell attaches to a blood vessel wall, mediated by interactions of
expressed adhesion molecules. Proteolytic enzymes are released, breaking proteins into
shorter fragments and damaging the blood vessel line-up, and the cancer cell enters into
the blood or lymphatic circulation. [1] The lymphatic circulation is out of the scope of the
project and will not be discussed. The cells, now called CTC, are transported and can
undergo interactions with blood components, such as platelets which protect the cells from
the immune system. Next, the CTC arrive at the secondary site and exit the bloodstream.
They are able to do so, by inducing cell death or retraction of endothelial cells lining up the
blood vessel wall. Last, the cells undergo reverse EMT, called mesenchymal-to-epithelial
transition (MET). [1,2,11] After migrating to their new spot, the metastatic site, they die,
enter a dormant state or are able to continue with proliferation and form micrometastases.
[1, 2, 12] To grow beyond about 2 mm in diameter [1], additional nutrients and oxygen
supply are needed. Therefore, tumours stimulate tumour-associated new blood vessel
formation to enable them to grow into macrometastases or metastatic tumours. [1, 2, 13]
To what degree this EMT process takes place in released tumour cells is still unclear, and
that CTC co-express both epithelial and mesenchymal markers cannot be excluded. [11]
CTC are likely to balance between the epithelial and mesenchymal phenotype, rather
than express only one of both. [11,14]
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Figure 1: Tumor cell progression. [10] Epithelial cells on top are transformed
and have lost their contact with the other cells and are able to break through
the basement membrane. They gain a more mesenchymal like phenotype,
undergoing partly or fully completed EMT. Motility of these transformed
cells is increased and after migrating through the extracellular matrix, they
can enter the blood stream. The now called CTC can interact with blood
components and the blood will transport these cells to a secondary site.
Cells will leave the blood stream and form a secondary, metastatic tumour,
undergoing MET. [1–3]
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1.2 Detection of circulating tumour cells

When a blood sample is drawn from a cancer patient, CTC can be found. The presence
of these CTC is an indication of a worse prognosis for the patient. [15–17] Detection of
CTC is difficult, since they are very rare in the blood, with 1 to 10 CTC per millilitre of
blood of patients with metastatic cancer. [17–19] Per millilitre of blood, there are around
7 million white blood cells and 5 billion red blood cells. [20]

For the isolation of CTC from peripheral blood, the by the food and drug admin-
istration approved CellSearch system (Janssen Diagnostics, LLC, Raritan, NJ, United
States) can be used. CTC are defined as cells with a nucleus; expressing cytokeratins
which demonstrate epithelial origin; have an absence of CD45, indicating the cell is not
of hematopoietic origin; and are often larger cells with irregular shape or subcellular
morphology. CTC enrichment is performed using EpCAM targeted immunomagnetic
selection. [5, 17]

Due to the process of EMT, there should be found no or only a small number of CTC of
epithelial origin by the CellSearch system because most cells would be in a mesenchymal
state. [21] So far however no studies have shown consistent high numbers of CTC missed
by the CellSearch system due to their mesenchymal state. This shows that CTC probably
balance between the epithelial and mesenchymal phenotype [11, 14]. As a result, there
are CTC that express lower EpCAM [21–23], or lost their EpCAM expression and are
therefore missed by CellSearch. [6, 21]

To be able to also enrich the CTC with low or no expression of EpCAM, other antigens
that are expressed by these CTC, and not by other blood components, are needed.

1.3 Epithelial-to-mesenchymal transition markers

The process of EMT is visualised in figure 2. The cuboidal epithelial CTC expresses
markers such as E-cadherin, EpCAM and cytokeratins. The mesenchymal CTC has lost
some markers and gained other, like vimentin, N-cadherin and cadherin-11.

Figure 2: Epithelial-to-mesenchymal transition. [24] The cuboidal cell on the
left represents a CTC with an epithelial phenotype. Epithelial markers such
as EpCAM and E-cadherin are expressed. When transforming to a more
mesenchymal phenotype, some epithelial markers are lost and other markers
are gained like vimentin and cadherin-11, which represent a mesenchymal
phenotype. [24]
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To be able to catch EpCAM low or negative cells, the following antigens that are poten-
tially expressed on CTC are investigated: N-cadherin, E-cadherin, cadherin-11, epidermal
growth factor receptor (EGFR), SNAI2 zinc finger protein (SLUG), prostate specific mem-
brane antigen (PSMA) and EpCAM. See also table 1. This panel of antibodies can be
used for the three phenotypes, being the epithelial phenotype, mesenchymal phenotype
and the phenotype in between those two extremes.

1.3.1 EpCAM

Epithelial cell adhesion molecule, EpCAM, is expressed on the outside of most normal
epithelial cells. The antigen is a homotypic calcium-independent cell adhesion molecule.
[25,26] During EMT, EpCAM is downregulated. [24]

1.3.2 Cytokeratins

Cytokeratins are intermediate filaments proteins and are found inside the cell. [24, 25]
There are about 20 cytokeratins known. They are responsible for the structural integrity
of epithelial cells [25]. Which cytokeratins are expressed differs per cancer type. [25,27,28]

1.3.3 PSMA

Prostate specific membrane antigen, PSMA, is expressed in epithelial as well as in mes-
enchymal phenotypic cells and is located on the cell membrane. [24,29] PSMA is expressed
in most prostate cancers and upregulation is found to correlate with increased aggressive-
ness. This suggests that PSMA plays a role in prostate cancer progression. [29, 30]

1.3.4 E-cadherin

Cadherins are a family of cell-cell adhesion molecules that are calcium dependent trans-
membrane glycoproteins. E-cadherin is expressed on the surface of epithelial cells. In
most carcinomas, malignant epithelial tumours, the expression of E-cadherin is reduced
or lost. Due to this loss, individual malignant cells are allowed to leave the primary
tumour and metastasise. [31]

1.3.5 Cadherin-11

Expression of cadherin-11 is associated with EMT, mesenchymal tissue formation and tu-
mour progression. Cadherin-11 expression is found only in highly-invasive and poorly
differentiated cancer cells and in stromal cells and osteoblasts that normally express
cadherin-11. Chu et al. (2008) could only find cadherin-11 transcripts in prostate cancer
cells that were derived from human bone metastases (PC3), but not in metastasis that
were derived from lymph nodes (LNCaP) [32]. It is localised on the cell membrane. [33–35]

1.3.6 N-cadherin

N-cadherin is a calcium-dependent cell adhesion molecule, found on the cell membrane.
[25] It provides a mechanism for transendothelial migration, when adhering to the blood
vessel wall. The intracellular connection between two adjacent cells of the blood vessel
wall fails due to upregulation of biological pathways, so that the cancer cell is able to slip
through. [36]
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Table 1: Antigen expression according to literature. No expression is indi-
cated with a (-) and positive expression is shown qualitatively with (+/-)
representing barely detectable up to (++) representing high marker expres-
sion. References are given in parentheses.

PC3 MCF-7 LNCaP

N-cad +/- [25] - [25] - [43]
E-cad - [25] ++ [25,44] ++ [45]
Cadherin-11 + [25,46] - [25,33] - [32]
EGFR +/- [25,47] +/- [25, 48] +/- [25, 47]
SLUG + [49] - [25,50] +/- [49]
PSMA - [51] - [52] + [51]
EpCAM +/- [25] ++ [25] ++ [53]
Cytokeratins + [25,27] + [25,28] + [25,27,54]

1.3.7 SLUG

SLUG, zinc finger protein SNAI2, is a transcription factor, found inside the cell. SLUG
acts as a master regulator and induces EMT. SLUG has antiapoptotic activity and re-
presses epithelial markers such as E-cadherin, whereas it upregulates mesenchymal mark-
ers such as fibronectin and vimentin. [25, 37–41]

1.3.8 EGFR

Epidermal growth factor receptor is found on the cell membrane and binds to epidermal
growth factor. Binding will induce a signalling cascade, resulting in cell proliferation. [25]
Autocrine activation of EGFR leads to EMT. [42]
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1.4 Signal amplification

In a cell not all proteins are expressed at the same level; some are high abundant, some low
abundant. Markers with a low expression are difficult to detect using standard fluorescent
detection methods. A signal amplification method can be used to improve the detection
of these markers that can be missed using immunostaining without amplification due to
lack of detection sensitivity. Signal amplification strategies can be divided into two types,
being enzyme labelling and macrofluorophore labelling techniques.

Macrofluorophores are collections of fluorophores ranging from tens [55] to millions
[56]. These collections are attached to a scaffold or are incorporated in it. This scaffold
is coupled to a target-specific reagent such as an antibody. Opposite to enzyme labelling
techniques, they have no time-dependent signal development, but are more prone to non-
specific binding [57].

For enzyme labelling techniques, an enzyme is linked to a target-specific reagent, using
direct conjugation or indirect conjugation trough a secondary complex. This enzyme
provides multiple copies of a fluorophore. Signal levels are increased in comparison to
dye-labelled reagents. One of these enzymes is horseradish peroxidase (HRP), which is
used in this project. Applications in immunocytochemistry require that the product of
the enzyme reaction is in the vicinity of the enzyme conjugate, so information about
the spatial distribution of the target is obtained. Enzyme reactions are time dependent.
Therefore, control of timing is crucial to obtain reproducible results.

In case of nucleic acids, amplification of the target is possible through polymerase
chain reaction. The enzyme polymerase synthesises chains of nucleic acids. Polymerase
is used in proximity ligation assay during the rolling circle amplification step. [58]

1.4.1 Tyramide signal amplification

Another technique to amplify signal is tyramide signal amplification (TSA), see figure
3. To target the antigen of interest, a primary antibody is used. Against this primary
antibody, a HRP-labelled secondary antibody is targeted. Then a dye, here a tyramide
derivative, and hydrogen peroxide is added. HRP activates multiple copies of the tyramide
derivative. The resulting highly reactive tyramide radicals covalently bind to residues in
the vicinity of the HRP-target interaction site. Since they are highly reactive short-lived
tyramide radicals, there is minimal diffusion related loss of signal. [59–61]

1.4.2 Proximity ligation assay

Proximity ligation assay (PLA), see figure 4, is a technique which enables the specific
detection and quantification of low abundance proteins and biomarkers. PLA is based on
the proximal binding of two probes with deoxyribonucleic acid (DNA) strands targeted
against the protein of interest, joined by ligation, resulting in the formation of a surrogate
marker. Targets can be different epitopes of the same protein, or two proteins situated
in close proximity. The enzymatic reactions ligation and amplification to modify DNA
can be used to tweak the surrogate markers in a proximity-dependent manner. [62, 63]
Applications of PLA are detection and quantification of protein-protein interactions, post-
translational modifications and low expression proteins. Protein-protein interactions can
be visualised using two different primary antibodies against two epitopes localised on
two different proteins. Signal is generated when the target proteins have a maximum
distance of 40 nm from each other. Post-translational modifications can be visualised
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Figure 3: TSA labeling is a combination of three processes. First, a probe
binds to its target via immunoaffinity in the case of proteins or hybridization
in the case of nucleic acids. A secondary antibody that is HRP-labelled then
targets the primary antibody. In the second phase, activation of multiple
tyramide derivatives by HRP takes place. Thirdly, the resulting highly reac-
tive, short-lived tyramide radicals covalently bind to residues in the vicinity
of the HRP molecule. [59, 60]

using one antibody against the protein and one against its modification of interest. If
the modification is present on the protein they are in proximity and both antibodies
bind, so signal is generated. PLA enables detection of a single event using target specific
antibodies. [64] In this project PLA is used to detect low abundance proteins.

For the first step of targeting, primary antibody-epitope interactions are used. Against
the primary antibody, secondary antibodies are targeted. To the secondary antibodies,
called PLUS and MINUS probe, short single stranded DNA oligonucleotides have been
attached. Two circle-forming DNA oligonucleotides hybridise with the PLUS and MINUS
probe. If they are in close proximity (<40nm) [64], ligase catalyses the joining of their
endings and a DNA circle is formed. This DNA circle is amplified by polymerase, an
enzyme that synthesises long chains of nucleic acids. This process is also known as rolling
circle amplification. Fluorescently labelled oligonucleotide probes bind to the amplified
repetitive sequences of DNA. With fluorescent microscopy, they are seen as one single
dot, although they are composed of around 1000 bound fluorescent probes. [62,64,65] In
this project, one primary antibody is used for single recognition, but it is also possible to
use two types of primary antibodies targeted against two epitopes localised on the same
protein, called double recognition. Double recognition increases the specificity and single
recognition the sensitivity. [64]

1.5 MicroRNA-21

The increased sensitivity of TSA can also be helpful for the detection of low-abundance
micro ribonucleic acid (microRNA) by fluorescence in situ hybridization (FISH). [60]
Cells with cytokeratin expression detected on filtered blood from cancer patients are ex-
pected to be CTC. There is a possibility however, that these cells are normal epithelial
cells. Whether these cells are normal or tumorous, can be demonstrated with the de-
tection of cancer specific microRNA using FISH. A probe with a fluorescent marker can
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Figure 4: PLA principle. [66] After incubation with the primary antibody
against the target, the PLUS and MINUS probes with 3’ and 5’ oligo are
targeted against the primary antibody. If the probes are in close proximity
(<40nm), two circle-forming DNA oligonucleotides bind to the probes. Lig-
ase then catalyses the joining of the endings to form a complete DNA circle.
Subsequently, rolling circle amplification takes place. Thereafter, fluorescent
probes hybridise with the amplified DNA. Under the microscope, the result
is seen as a single dot. [64,66]

be hybridised against microRNA and detected with fluorescence microscopy, quantitative
polymerase chain reaction and digital droplet polymerase chain reaction. MicroRNAs
are short (20-24 nucleotides) non-coding ribonucleic acids (RNAs) that are involved in
post-transcriptional regulation of gene expression in multicellular organisms by affecting
both the stability and translation of messenger ribonucleic acids (mRNAs). They can
be protein-coding or non-coding. MicroRNAs are important in cellular processes such as
proliferation, differentiation and apoptosis. [67–69]

In this project the focus is on microRNA-21. It is located in the cytoplasm [70] and
it has been found to be elevated in different types of solid tumours. [37, 71] MicroRNA-
21 is a strong antiapoptotic and prosurvival microRNA. [67, 71, 72] In a meta-analysis
about the diagnostic and prognostic value of microRNA-21 in colorectal cancer it was
found that higher expression of microRNA-21 correlated to inferior overall and disease-
free survival. [73] The microRNA is incorporated into a RNA-induced silencing complex.
A RNA-induced silencing complex consists of multiple proteins with a mass of approx-
imately 500 kDa [74]. In this complex microRNA acts as template to recognise target
mRNA through imperfect base pairing. This often results in destabilization, cleavage
and translational inhibition of the target mRNA. This process is called RNA interfer-
ence. [75, 76] The concentration of active RNA-induced silencing complexes is estimated
to be 3 to 5 nM per cell. [77, 78] An elevated level of microRNA-21 expression is seen in
NCI-H1975 and MCF-7 cells, but not in NCI-H1650 cells. [79, 80]
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1.6 Aim

CTC give information about the cancer patient status and ideally all CTC present are
detected. Unfortunately, CTC are very rare in blood. CTC are isolated using EpCAM,
causing EpCAM negative CTC to be lost, which are most likely to be cancer cells that
undergo EMT.

The aim of the project is to determine the presence of previously described EMT re-
lated markers on CTC and identify EpCAM negative CTC. Tests to optimise staining
are performed using monoclonal antibodies on different cancer cell lines. The hypoth-
esis is that more circulating tumour cells are detected using EpCAM, cytokeratins and
one or multiple of the investigated EMT-markers, compared to using only EpCAM and
cytokeratins on the CellSearch system.

Two signal amplification techniques are investigated: TSA and PLA. Signal amplifi-
cation is used to improve detection of low abundance markers.

TSA is used to detect microRNA in CTC. Cells that express cytokeratin are found in
filtered blood of the CellSearch system, and might or might not be CTC. A distinction
can be made between CTC and normal epithelial cells based on the detection of cancer
specific microRNA.
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2 Materials and methods

2.1 Cell lines

Human prostate carcinoma cell line PC3 (American type culture collection (ATCC) CRL-
1435, 17.7 µm in diameter, 10,443 EpCAM molecules per cell [81]) was derived from a
metastatic site in the hip bone. The genetically modified prostate cancer cell lines PC3αN
cat 5.2, which has a very low cadherin-11 expression, and PC3αN cat 92.1, which has a
high cadherin-11 expression, were obtained from Radboud University Medical Centre
Nijmegen, the Netherlands.

Human prostate carcinoma cell line LNCaP (ATCC CRL-1740, 16.3 µm in diameter,
637,278 EpCAM molecules per cell [81]) was derived from a metastatic site in the left
supraclavicular lymph node.

Human bronchoalveolar carcinoma cell line NCI-H1650 (ATCC CRL-5883, 12.0 µm
in diameter, 135 EpCAM molecules per cell [81]) was derived from a metastatic site
in the pleura and was chosen for its low EpCAM expression and non-elevated level of
microRNA-21 expression.

Human lung adenocarcinoma cell line NCI-H1975 (ATCC CRL-5908, 17.6 µm in di-
ameter, 397,038 EpCAM molecules per cell [81]) was derived from a non-small cell lung
cancer and was chosen for its elevated level of microRNA-21 expression.

Human breast adenocarcinoma cell line MCF-7 (ATCC HTB-22, 16.3 µm in diameter,
880,189 EpCAM molecules per cell [81]) was derived from a metastatic site in the pleura.

Human cervical adenocarcinoma cell line HeLa (ATCC CCL-2) was chosen for its
N-cadherin expression.

Human umbilical vein endothelial cell line HUVEC (ATCC PCS-100-010) was ob-
tained from the group Molecular Nanofabrication, University Twente, and tested for its
N-cadherin expression.

2.2 Cell culture

Prostate cancer cell lines PC3 and LNCaP and lung cancer cell line NCI-H1650 (Medical
Cell BioPhysics (MCBP)) were cultured in RPMI-1640 medium (Lonza, Basel, Switzer-
land, cat: BE12-702F, lot: 6MB165) supplemented with 10% fetal bovine serum (FBS)
(Sigma, Saint Louis, United States of America, cat: F7524, lot: 124M3337) and 1%
penicillin/streptomycin (10 000 u/ml, Lonza, lot: 4MB132) at 37 ◦C and 5% CO2.

The genetically modified prostate cancer cell lines PC3αN cat 5.2 and PC3αN cat 92.1
were cultured in RPMI-1640 (Lonza) supplemented with 10% FBS (Sigma), 1% peni-
cillin/streptomycin (10 000 u/ml, Lonza) and 0.4% geneticin (Gibco, Waltham, United
States of America, cat: 10131-035, lot: 1852838) at 37 ◦C and 5% CO2.

The breast cancer cell line MCF-7 was cultured in DMEM (Lonza, cat: BE12-604F,
lot: 6MB175) supplemented with 10% FBS (Sigma) and 1% penicillin/streptomycin
(10 000 u/ml, Lonza) at 37 ◦C and 5% CO2.

The cervical cancer cell line HeLa was cultured in MEME (Sigma) supplemented with
10% FBS (Sigma), 1% penicillin/streptomycin (10 000 u/ml, Lonza) and 1% L-glutamine
(200 mM, Lonza) at 37 ◦C and 5% CO2.

Cells were harvested with 0.05% trypsin-ethylenediaminetetraacetic acid (EDTA)
(Gibco). For N-cadherin and cadherin-11 expression experiments however, cells were
harvested both with 0.05% trypsin-EDTA and 15 mM EDTA. For fixation, cells were
resuspended in 1% formaldehyde (Sigma) in 1X phosphate buffered saline (PBS) (Sigma)
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Table 2: Immunofluorescent staining

Antibody Clone Brand Cat Lot Concentration

EpCAM VU-1D9 Sigma-Aldrich SAB4700424 527713 2 µl per 100 µL
E-cadherin 67A4 BioLegend 324107 B167426 2 µg/ml
N-cadherin 8c11 BioLegend 350809 B184593 2 µg/ml
Cadherin-11 16.a.c.15 Nijmegen 2 µg/ml
Cadherin-11 16G5 BioLegend 368702 B206555 2 µg/ml
GaM IgG-PE Life Technologies P21129 1828010 2 µg/ml
EGFR REA439 Miltenyi Biotec 130107717 5150629283 5 µl per 100 µL
EGFR REA439 Miltenyi Biotec 130107716 5150629282 5 µl per 100 µL
PSMA REA408 Miltenyi Biotec 130106612 5150629236 2 µl per 100 µL
SLUG REA404 Miltenyi Biotec 130106186 5150629281 5 µl per 100 µL
CD45 H130 Life Technologies MHCD4531 1749876A 4 µl per 100 µL
CD16 3G8 BioLegend 302030 B235385 2 µg/mL

for 15 minutes at room temperature. Afterwards, cells were pelleted and resuspended in
1% bovine serum albumin (BSA) (Sigma) in 1X PBS (Sigma), stored at 4 ◦C and used
within two weeks.

2.3 Blood lysis

Whole EDTA blood from healthy donors, who gave informed consent, was lysed to obtain
white blood cells. To destroy red blood cells, per 1 ml of blood 13 ml ammonium chloride
lysing solution was used (15 mM NH4Cl, 10 mM KHCO3, 0.1 mM Na2EDTA, pH 7.25)
under gently mixing at room temperature until a clear solution was obtained. For fixation,
cells were pelleted and resuspended in 1% formaldehyde (Sigma) in 1X PBS (Sigma) for
15 minutes at room temperature. Cells were pelleted and resuspended in 1% BSA (Sigma)
in 1X PBS (Sigma), stored at 4 ◦C and used within two days.

2.4 Immunofluorescent staining

Antibodies and concentrations that were used are given in table 2. For intracellular
markers, cells were permeabilised using 1X PBS (Sigma) with 1% BSA (Sigma) and
0.05% saponin (Sigma). Cells incubated 30 minutes at 37 ◦C with a primary antibody.
When a secondary antibody was used, cells were washed in 1% BSA in 1X PBS, pel-
leted and aspirated, before incubating 30 minutes at 37 ◦C with the secondary antibody.
After staining with primary antibody, and eventually secondary antibody, cells were re-
suspended 1% BSA in 1X PBS. Then, nuclei were stained with 4 µg/ml Hoechst 33342
(Molecular Probes, Waltham, United States of America) for 15 minutes at room tem-
perature and white blood cells with either anti-CD45 or anti-CD45 and anti-CD16. The
extensive protocol for staining in solution is given in appendix A.

2.5 Tyramide signal amplification

TSA was performed using the Alexa Fluor 488 Tyramide SuperBoost Kit, goat anti-
mouse IgG, purchased at Invitrogen (Eugene, United States of America, cat: B40941,
lot: 1863934). It contains blocking buffer (10% goat serum), poly-HRP-conjugated goat
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anti-mouse secondary antibody (1X), Alexa Fluor tyramide reagent, hydrogen peroxide
(stabilised 3% solution), reaction buffer (20X), reaction stop solution and dimethylsul-
foxide (DMSO). Along with poly-HRP-conjugated goat anti-mouse secondary antibody,
rabbit anti-FITC:HRP was used (1 mg/ml, BioRad, Hercules, United States of America,
cat: 4510-7864, lot: 161212).

TSA was performed on cells in solution and on cover slips (Menzel-Gläser, Ther-
moFisher). When using cells on cover slips, cells were grown for two days at a high
cell concentration and fixed when attached to the cover slips. For TSA in solution, also
fixed cells were used. A step-by-step protocol is given in appendix B. After fixation,
samples were incubated with 3% H2O2 for 60 minutes at room temperature to quench
endogenous peroxidase activity. Then, cells were rinsed three times with 1X PBS and
incubated with blocking buffer (10% goat serum, Invitrogen) at 37 ◦C. Then, primary an-
tibodies were used with mouse as host or labelled with fluorescein isothiocyanate (FITC),
depending on the horseradish peroxidase (HRP) used in the next step. After incubation
for 30 minutes at 37 ◦C, samples were rinsed once with 1X PBS and incubated either
with anti-mouse:HRP (goat anti-mouse IgG poly HRP conjugate, Invitrogen) or 2 µg/ml
anti-FITC:HRP (rabbit anti FITC:HRP, Bio-Rad) for 30 minutes at 37 ◦C. Samples were
rinsed three times with 1X PBS for 10 minutes at room temperature. Meanwhile, 1X re-
action buffer (Invitrogen), 1:11 reaction stop reagent working solution (Invitrogen), 100X
H2O2 solution (Invitrogen) and tyramide working solution (Alexa Fluor 488 tyramide,
Invitrogen) were prepared according to the protocol of Invitrogen. Samples were incu-
bated with tyramide working solution for 15 minutes at room temperature, whereafter
reaction stop reagent working solution was added to stop the HRP reaction. Samples were
rinsed three times with 1X PBS. 4 µg/ml Hoechst 33342 (Molecular Probes) was added
to the cells in solution. Cover slips were flipped on a drop of mounting medium with
4’,6-diamidino-2-phenylindole (DAPI) (Duolink). After 15 minutes incubation at room
temperature, samples were analysed under the microscope.

2.6 Proximity ligation assay

PLA was performed using Duolink in situ PLA probe anti-mouse PLUS (Olink Bio-
science, Uppsala, Sweden, cat: DUO92001-30RXN, lot: A63409/1) and Duolink in situ
PLA probe anti-mouse MINUS (cat: DUO92004-30RXN, lot: A62707/2). Both products
are comprised with 5X PLA probe anti-mouse PLUS, respectively MINUS, 1X blocking
solution and 1X antibody diluent.

PLA was performed on cells in solution and on cover slips (Menzel-Gläser, Ther-
moFisher). When using cells on cover slips, cells were grown for two days at a high
cell concentration and fixed when attached to the cover slips. For PLA in solution, also
fixed cells were used. Unless stated otherwise, reagents were obtained from Duolink. A
step-by-step protocol is given in appendix C. After fixation, samples were washed twice
with 1X PBS (Sigma) for 2 minutes and incubated with 1X blocking solution at 37 ◦C
for 30 minutes. Primary antibody EpCAM (Veridex, clone VU1D9, unconjugated) was
diluted in 1X antibody diluent to a concentration of 5µg/ml and added to the samples,
which incubated overnight at 4 ◦C. Samples were rinsed twice with 1X wash buffer A
for 5 minutes. The two PLA probes PLUS and MINUS were diluted 1:5 in 1X antibody
diluent and samples were incubated with this mixture for 60 minutes at 37 ◦C. Samples
were washed twice in 1X wash buffer A for 5 minutes under gentle agitation. For ligation,
ligation stock was diluted 1:5 in high purity water and ligase was added to this solution
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to a dilution of 1:40. Samples incubated with this mixture for 30 minutes at 37 ◦C and
were then washed twice with wash buffer A for 2 minutes under gentle agitation. For am-
plification, amplification stock was diluted 1:5 and polymerase 1:80 in high purity water
and added to the samples to incubate for 100 minutes at 37 ◦C. Samples were washed
twice in 1X wash buffer B for 10 minutes and subsequently once in 0.01X wash buffer for
1 minute. 4 µg/ml Hoechst 33342 (Molecular Probes) was added to the cells in solution.
Cover slips were flipped on a drop of mounting medium with DAPI. After 15 minutes
incubation at room temperature, samples were analysed under the microscope.

2.7 MicroRNA-21 detection

For microRNA-21 detection two methods were used, described below.
In situ hybridisation was performed using a specific anti-microRNA-21 5’-fluorescein

labelled miRCURY locked nucleic acid (LNA) probe from Exiqon (Vedbaek, Denmark,
cat: 610472-310). The probe sequence is AGCCCATCGACTGGTGTT. The effective
melting temperature (Tm) was calculated using formula

Tm = 81.5 + 16.6 ∗ log M[Na+] + 0.41 ∗%GC − 0.72 ∗%formamide (1)

with 56% the guanine cytosine (GC) content of the probe sequence and 50% formamide
used in the hybridisation buffers. Calculated Tm with different saline-sodium citrate
(SSC) concentrations used are given in table 3.

Table 3: Calculated effective melting temperature

SSC M [Na+] Tm in ◦C

1X 0.165 55.3
2X 0.33 60.3
3X 0.495 63.2
4X 0.66 65.3
5X 0.825 66.9

The first method was based on the article from Gasch et al. [82]. NCI-H1975, NCI-
H1650 and MCF-7 cells were grown on cover slips, fixed and permeabilised with 0.1%
Triton X-100 in 1X PBS for 10 minutes at room temperature with washing in between the
steps. Endogenous peroxidase was quenched with 3% H2O2 for 60 minutes at room tem-
perature. Samples were washed three times with 1X PBS before blocking in hybridisation
buffer at 50 ◦C for 10 minutes. Different hybridisation buffers were used. Hybridisation
buffers contained 50% formamide, 0.5 mg/ml DNA from fish sperm (Sigma, cat:74782, lot:
1343783), and 1X, 2X, 3X, 4X or 5X SSC. Following blocking with hybridisation buffer the
buffer was replaced with hybridisation buffer containing 40 nM anti-microRNA-21 probe
and the cover slips left to incubate at 50 ◦C for 60 minutes. Drying of cover slips was
prevented. The cover slips were then subjected to five stringency wash steps of 5 minutes
at 50 ◦C: once with 5X SSC, twice with 1X SSC and twice with 0.2X SSC, before washing
in 0.2X SSC at room temperature for 5 minutes. Samples were then washed twice with 1X
PBS for 10 minutes at room temperature before blocking with blocking buffer (10% goat
serum, Invitrogen) for 30 minutes at 37 ◦C. Blocking buffer was removed before adding
2 µg/ml anti-FITC:HRP. Cover slips left to incubate at 37 ◦C for 30 minutes. Samples
were washed three times for 10 minutes with 1X PBS at room temperature. Meanwhile,
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1X reaction buffer (Invitrogen), 1:11 reaction stop reagent working solution (Invitrogen),
100X H2O2 solution (Invitrogen) and tyramide working solution (Alexa Fluor 488 tyra-
mide, Invitrogen) were prepared according to the protocol of Invitrogen. Samples were
incubated with tyramide working solution for 15 minutes at room temperature, whereafter
reaction stop reagent working solution was added to stop the HRP reaction. Samples were
rinsed three times with 1X PBS. Cover slips were flipped on a drop of mounting medium
with DAPI (Duolink). After 15 minutes incubation at room temperature, samples were
analysed under the microscope.

The second method used was detection of the microRNA-21 gene with polymerase
chain reaction (PCR). Isolated genomic DNA was obtained from MCBP, University
of Twente, the Netherlands. Gene expression was analysed by real time polymerase
chain reaction (RT-PCR) using the CFX96 Touch Real-Time PCR Detection System
with C1000 Touch ThermalCycler and CFX Manager 3.1 software from BioRad. Primers
for analysis of microRNA-21 gene were developed with the Integrated DNA Technologies
design tool. Three assay sets consisting of a forward and reverse primer were ordered.
They were designed to have around 50% GC content, a primer length of 20 nucleotides,
a 62 ◦C melting temperature and around 200 amplicon length with the target sequence
halfway. The three primer sets were:

1. Forward: TTGCCTACCATCGTGACATC
Reverse: CAGACAGAAGGACCAGAGTTTC

2. Forward: CACCTTGTCGGGTAGCTTATC
Reverse: AATCCTCCCTCCATACTGCT

3. Forward: GTGACATCTCCATGGCTGTA
Reverse: CTAAGTGCCACCAGACAGAA

PCR was performed in 25 µL with the following RT-PCR program: 1 cycle of 95 ◦C
for 3 minutes and 40 cycles of 95 ◦C for 30 s, a temperature gradient of 56 to 64 ◦C for 30 s
and 72 ◦C for 30 s for amplification, with a final elongation step of 72 ◦C for 10 minutes.
As references oligos gChr4SCARB2f in combination with gChr4SCARB2r (amplicon size:
197 basepairs) and gChr1SCAMP3f in combination with gChr1SCAMP3r (amplicon size:
301 basepairs) were used. Reference material was collected and served as negative control.
The amplified microRNA-21 gene material was collected and served as positive control.
Amplified DNA was purified with the Qiagen DNeasy blood and tissue kit (Venlo, the
Netherlands, cat: 69504, lot: 157033522) and eluted in high purity water. Yield was
measured with the Invitrogen Qubit 2.0 Fluorometer. Obtained yields were 2.90 ng/µL
for the negative control and 1.82 ng/mL for the positive control. Eluted DNA was stored
at −30 ◦C until use on the next day. It was denatured at 96 ◦C and placed on ice water
directly afterwards. 1µL of the positive and 1µL of the negative control were spotted
on a polyvinylidene fluoride (PVDF) membrane (BioRad, cat: 1620260, lot: 20170214).
Two hybridisation buffers were used: (1) 50% formamide, 0.5 mg/mL fish sperm and 5X
SSC and (2) 50% formamide, 1% BSA and 5X SSC. After blocking with hybridisation
buffer for 10 minutes at 50 ◦C, anti-microRNA-21 probe was added to a concentration of
50 nM and left to incubate for 60 minutes at 50 ◦C. PVDF membranes were placed on a
microscopic slide and analysed under the microscope.
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2.8 Analysis

Except for microRNA-21 detection with RT-PCR, samples were analysed using fluorescent
microscopy and/or flow cytometry.

For fluorescent microscopy, light travels first through an excitation filter, allowing
only light of the excitation wavelength to pass with a certain band width. The dichroic
mirror reflects the excitation beam onto the sample. Fluorophores on the sample then
enter the excited state and emit photons. These photons can pass the dichroic mirror
and go via an emission filter to a detector, which can be a camera or the eye. For
fluorescent microscopy, the Nikon Eclipse E400 microscope, 40X/0.60 NA sPlanFluor
objective, filter cubes DAPI, FITC, phycoerythrin (PE), allophycocyanin (APC) and
peridinin-chlorophyll-protein complex (PerCP), Hamamatsu ORCA-Flash 4.0 LT digital
CMOS camera C11440-42U, HoKaWo imaging software version 2.6 from Hamamatsu, Icy
version 1.9.4.0 and ImageJ 1.51k were used.

For flow cytometry, the BD FACSAria II cell sorter from BD Bioscience and the FACS-
Diva software version 8.0.2 were used. Flow cytometry is a laser-based technology that
was used for biomarker detection, as depicted in figure 5. It suspends the immunostained
cells in a stream of fluid, letting pass one cell at the laser beam at a time. Once a cell
passes the laser beam, it scatters light. Forward scatter tells something about the size of
the cell, side scatter about the granularity or complexity of the cell and when fluorescently
labelled, fluorescent channels detect the light that is emitted by the excited fluorophore.

Figure 5: Flow cytometry. Flow cytometry is a laser-based technology that
is used for biomarker detection. It suspends the immunostained cells in a
stream of fluid, letting pass one cell at the laser beam at a time. Once a
cell passes the laser beam, it scatters light. Forward scatter tells something
about the size of the cell, side scatter about the granularity or complexity of
the cell and when fluorescently labelled, fluorescent channels detect the light
that is emitted by the excited fluorophore.
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3 Results

The aim of this research was to find epithelial and mesenchymal markers that can be used
besides EpCAM, to investigate signal amplification methods to improve detection of low
abundance markers and to use TSA for the detection of microRNAs by FISH. Findings
are described below.

3.1 Epithelial-to-mesenchymal transition markers

All antibodies were titrated on the highest expressing cell line, before comparing the
expression between PC3, MCF-7 and LNCaP cells unless mentioned otherwise. Optimal
concentrations were chosen based on the increase of response units in flow cytometry (see
table 4) and intensity in microscopic images with increasing concentration, and the ability
to distinguish signal from background. More detailed information about antibodies is
given in table 2. After determining the optimal concentration per antibody, the antibodies
were tested on PC3, MCF-7, LNCaP and white blood cells. Results are described below.

Table 4: Results of the titration tests using several concentrations of antibody
for detection. Values are the mean values as derived from flow cytometric
analysis. Mean responses of the concentrations which were used in further
experiments are given in bold. In brackets are the cell lines which were used
for titration of that antibody.

(a)

1 µg/mL 2 µg/mL 4 µg/mL 5 µg/mL

E-cad (LNCaP) 4,346 5,956 6,615 -
Cad-11 (PC3αN cat 92.1) 4,639 5,147 - 6,587
N-cad (PC3) 86 97 110 -

(b)

2 µL per 100µL 5 µL per 100µL 10µL per 100µL

PSMA (LNCaP) 10,159 12,087 14,013
EGFR (PC3) 162 265 332
SLUG (PC3) 782 1,837 2,361

3.1.1 PSMA

PSMA was titrated on LNCaP cells, with 2µl of unknown concentration per 100 µl cell
suspension chosen as optimal concentration. PSMA was then tested on EpCAM low cell
line PC3 along with EpCAM high cell lines MCF-7 and LNCaP. To investigate whether
non-specific binding to white blood cells occurred, cell lines were spiked in lysed blood.
Results are depicted in figure 6, showing that LNCaP has a high PSMA expression, where
PC3 and MCF-7 have a much lower expression. PSMA did not stain white blood cells.
Spiked tumour cells (CTC) and white blood cells (WBC) are distinguishable as plotted
in the right column of figure 6, with on the x-axis PerCP-labelled CD45 and on the y-axis
FITC-labelled PSMA.

16



(A) PC3 spiked in blood (B) Mean response of PC3: 1,909

(C) LNCaP spiked in blood (D) Mean response of LNCaP: 16,175

(E) MCF-7 spiked in blood (F) Mean response of MCF-7: 2,718

Figure 6: PSMA staining of cancer cells spiked in blood showing that cancer
cells and white blood cells can be discriminated based on positive PSMA
(FITC/green) and negative CD45 (PerCP/pink) staining, with LNCaP the
highest PSMA expressing cell line. Fluorescent microscopic (left) and flow
cytometric (right) results from cancer cells spiked in blood, stained with 2µl
anti-PSMA per 100 µl cell suspension, 4µg/ml Hoechst 33342 and CD45.
Fluorescent microscope: anti-PSMA in green, LUT 692-2849, exposure 0.75 s,
Hoechst 33342 in blue and CD45 in pink. Flow cytometer scatter plots with
PSMA on y-axis, CD45 on x-axis, spiked cancer cells (CTC) in yellow, WBC
in red. A and B: Spiked PC3 cells. C and D: Spiked LNCaP cells. E and F:
Spiked MCF-7 cells.
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3.1.2 E-cadherin

E-cadherin was titrated on LNCaP cells with 2 µg/ml chosen as optimal concentration.
E-cadherin was then tested on EpCAM low cell line PC3 along with EpCAM high cell
lines MCF-7 and LNCaP. To investigate whether non-specific binding to white blood
cells occurred, cell lines were spiked in lysed blood. Results are depicted in figure 7,
showing that MCF-7 has the highest expression, LNCaP has high expression and PC3
has a much lower expression of E-cadherin. E-cadherin did not stain white blood cells.
Spiked tumour cells (CTC) and white blood cells (WBC) are distinguishable as plotted
in the right column of figure 7, with on the x-axis PerCP-labelled CD45 and on the y-axis
APC-labelled E-cadherin.

3.1.3 Cadherin-11

Cadherin-11 expression was tested on the genetically modified PC3 cell lines, where
PCα3N cat 5.2 has a very low cadherin-11 expression and PC3αN cat 92.1 has a high
cadherin-11 expression. Tests for the optimal staining concentration were performed with
two clones of cadherin-11, 16.a.c.15 from Nijmegen and 16G5 from BioLegend, and PE-
labelled secondary antibody in solution. Initially, titration did not show a difference
between the positive and negative cell line. The secondary antibody was then tested on
MCF-7 cells stained with mouse anti-EpCAM for its functioning and it was concluded
that the secondary antibody worked. Both genetically modified PC3 cell lines were then
grown on slides and tested with the two clones of cadherin-11 and the PE-labelled sec-
ondary antibody. With cadherin-11 clone 16G5, signal could barely be separated from
background. With cadherin-11 clone 16.a.c.5, a small difference between positive and neg-
ative cells was visible. It was then thought that trypsinisation might cause the breakdown
of cadherin-11. Trypsin is a proteolytic enzyme which breaks down proteins that enable
cell adhesion to the culture flask and to other cells. [83] For staining in solution, cells were
then dissociated with EDTA and compared to cells dissociated with trypsin. As shown in
figure 8 cells dissociated with EDTA gave higher mean response units compared to cells
that were dissociated with trypsin. It is also shown that PC3αN cat 92.1 cells have a
higher cadherin-11 expression than PCα3N cat 5.2 cells and cadherin-11 does not stain
white blood cells.

3.1.4 N-cadherin

N-cadherin was titrated on PC3 cells. However, no difference between signal and back-
ground, positive and negative controls, was obtained. Further experiments with N-
cadherin in solution were then performed on living HeLa and HUVEC cells, with MCF-7
cells as negative control. Two different clones for N-cadherin were used, being 8c11 and
GC-4. Since no signal was obtained with either one of the clones, a titration for N-
cadherin was performed using concentrations ranging from 1 to 50µg/ml. Staining for
the titration experiment was performed on ice, since it was hypothesised that cells inter-
nalise the N-cadherin once temperature is raised and their metabolism is activated. [84]
Still, no signal was obtained and also not when using tyramide signal amplification on
these samples. Cells might be affected by trypsin which was used to dissociate cells from
their culture flask, resulting in cleavage of cell surface proteins such as N-cadherin. [83]
HeLa and MCF-7 cells that were dissociated with trypsin were then compared to HeLa
and MCF-7 cells that were dissociated using 15 mM EDTA. Cells were grown on slides
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(A) PC3 spiked in blood (B) Mean response of PC3: 2,919

(C) LNCaP spiked in blood (D) Mean response of LNCaP: 17,914

(E) MCF-7 spiked in blood (F) Mean response of MCF-7: 26,303

Figure 7: E-cadherin staining of cancer cells spiked in blood showing that
cancer cells and white blood cells can be discriminated based on positive
E-cadherin (APC/red) and negative CD45 (PerCP/green) staining except
for PC3 cells. Highest E-cadherin expression is observed in MCF-7 cells,
followed by LNCaP cells. Fluorescent microscopic (left) and flow cytometric
(right) results from cancer cells spiked in blood, stained with 2 µg/ml anti-E-
cadherin, 4 µg/ml Hoechst 33342 and CD45. Fluorescent microscope: anti-
E-cadherin in red, LUT 692-2209, exposure 0.75 s, Hoechst 33342 in blue
and CD45 in green. Flow cytometer scatter plots with E-cadherin on y-axis,
CD45 on x-axis, spiked cancer cells (CTC) in yellow, WBC in green. A and
B: Spiked PC3 cells. C and D: Spiked LNCaP cells. E and F: Spiked MCF-7
cells.
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(A) Mean response of PC3+: 288 (B) Mean response of PC3+: 5,325

(C) PC3+ and PC3- spiked in blood (D) Mean response of PC3+: 3,464, PC3-:
174, WBC: 39

Figure 8: Cadherin-11 staining of cancer cells in solution showing that low
cadherin-11 expression (PE/orange) is observed in PC3αN cat 5.2 - cells,
high expression in PC3αN cat 92.1 + cells when dissociated without trypsin
cadherin-11 expression and that cadherin-11 expression is not seen in white
blood cells. A: Flow cytometric result of PC3αN cat 92.1 + cells dissociated
with trypsin, stained with 2µg/ml anti-cadherin-11 clone 16G5, goat-anti-
mouse IgG-PE and 4µg/ml Hoechst 33342. B: Flow cytometric result of
PC3αN cat 92.1 + cells dissociated with EDTA, stained with 2µg/ml anti-
cadherin-11 clone 16G5, goat-anti-mouse IgG-PE and 4µg/ml Hoechst 33342.
C: Fluorescent microscope image of PC3αN cat 5.2 - and PC3αN cat 92.1 +
cells dissociated with EDTA spiked in blood. Anti-cadherin-11 staining with
goat-anti-mouse IgG-PE in orange, LUT 294-2489, exposure 0.5 s, Hoechst
33342 in blue and CD16/CD45-PerCP in pink. D: Flow cytometer scatter
plot with cadherin-11-PE on y-axis, CD16/45-PerCp on x-axis, PC3αN cat
92.1 + cells in red, PC3αN cat 5.2 - in purple and WBC in blue.
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(A) MCF-7 cells grown on cover slip (B) HeLa cells grown on cover slip

Figure 9: N-cadherin staining with TSA on cancer cells grown on cover slips
showing that N-cadherin expression (FITC/green) is observed in cell-cell con-
tact areas of HeLa cells and that single cancer cells cannot be detected based
on N-cadherin expression. Fluorescent microscopic results from 2 µg/mL N-
cadherin staining, anti-mouse HRP incubation and 15 minutes tyramide la-
belling in green, LUT 1060-16030, exposure 0.75 s, DAPI in blue. A: MCF-7
cells. B: HeLa cells.

and fixed and compared to fixed cells in solution. Cells were stained with 2 µg/ml primary
antibody N-cadherin and afterwards TSA was performed. Results are depicted in figure
9. No difference between trypsinised and EDTA treated HeLa cells was seen, neither in
solution nor on slides. No differences between positive and negative controls stained in
solution were observed by fluorescent microscopy or flow cytometry (figure 15 on page
49). In MCF-7 and HeLa cells grown on slides however, differences were observed. HeLa
cells that were in contact with other cells showed N-cadherin expression at the place of
cell-cell contact (figure 9 B), whilst this was not observed in MCF-7 cells (figure 9 A).

3.1.5 SLUG

SLUG was titrated on PC3 cells, with 5µl per 100 µl cell suspension chosen as optimal
concentration. Using fluorescent microscopy however SLUG was only visible using an
exposure time of 3 s and LUT value of 237-432. SLUG was then tested on EpCAM high
cell lines MCF-7 and LNCaP along with EpCAM low cell line PC3 and WBC. Spiked
tumour cells (CTC) and white blood cells (WBC) could not be discriminated based on
anti-SLUG staining as plotted in figure 10, with on the x-axis PerCP-labelled CD45 and
on the y-axis APC-labelled SLUG. Under the fluorescent microscope, cancer cells could
not be differentiated from white blood cells based on the fluorescent detection of SLUG.

3.1.6 EGFR

EGFR antibody was tested on PC3, MCF-7 and LNCaP cells in different experiments.
In none of the experiments, signal could be discriminated from background. Cancer cells
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could not be differentiated from white blood cells based on EGFR expression. No further
experiments were then performed.

(A) Mean response of PC3: 6,189 (B) Mean response of LNCaP: 7,711

(C) Mean response of MCF-7: 5,326

Figure 10: SLUG staining of cancer cells spiked in blood showing that can-
cer cells cannot be discriminated from white blood cells based on positive
SLUG (APC) and negative CD45 (PerCP) staining. Flow cytometric results
from cancer cells spiked in blood stained with 5µl anti-SLUG per 100µl cell
suspension and CD45. SLUG on y-axis, CD45 on x-axis, spiked cancer cells
(CTC) in yellow, WBC in green. A: Spiked PC3 cells. B: Spiked LNCaP
cells. C: Spiked MCF-7 cells.
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3.2 Signal amplification

Another aim of the project was to enable detection of low abundance markers. For this
purpose tyramide signal amplification and proximity ligation assay were investigated.

3.2.1 Tyramide signal amplification

To determine the best parameters for TSA several experiments were performed. Optimi-
sation was performed using the Alexa Fluor 488 Tyramide SuperBoost Kit from Invitro-
gen. Afterwards, anti-mouse HRP from Invitrogen was compared with anti-FITC:HRP
from BioRad, keeping other parameters the same. Experiments were performed in duplo.
Experiments that were performed and their results are described below.

PC3 cells lowly express EpCAM [25]. When cells were stained with 2 µg/ml anti-
EpCAM, signal could not be discriminated from background. Therefore, this cell line
was used to optimise the tyramide signal amplification protocol. In experiments, primary
antibody-independent tyramide signal amplification was observed, which might be caused
by endogenous peroxidase activity. To quench endogenous peroxidase activity, a 60 min-
utes incubation step with 3% H2O2 was then incorporated in the protocol according to
the user guide of Invitrogen [85].

Three different dilutions of primary EpCAM antibody were investigated, being 2µg/ml,
0.4 µg/ml and 0.04µg/ml. With 0.04µg/ml, signal was the same as background. Using
0.4 µg/ml, a difference between signal and background was observed, but best results were
obtained using 2µg/ml anti-EpCAM.

Since low signal was obtained, the incubation step with the tyramide reagent working
solution was optimised. PC3 cells and NCI-H1650 cells with an even lower EpCAM
expression were then grown on slides together. Incubation times of 5, 10, 15 and 30 min
were compared. 15 min tyramide labelling was found to be optimal based on fluorescent
microscopic results and therefore incorporated in the protocol.

Then anti-mouse HRP was compared to different dilutions of anti-FITC:HRP. Results
are depicted in figure 11. Using 20 µg/ml of anti-FITC:HRP high signal was detected
in positive controls as well as in negative controls. The same, though lower, was seen
when using 5 µg/ml anti-FITC:HRP. With 1µg/ml anti-FITC:HRP fluorescent signal was
barely detectable in the positive control. 2 µg/ml anti-FITC:HRP was taken as optimal
concentration, with visible amplification in positive controls, but not in negative controls
(figure 11 c and d). 2µg/ml anti-FITC:HRP gave results similar to anti-mouse HRP
(figure 11 a and b).

Since circulating tumour cells are in the blood, tyramide signal amplification was
tested for its efficacy in solution. On average eight times as high signal was observed
in samples with tyramide signal amplification compared to samples with only primary
antibody. On slides, the same increase was seen. TSA was also performed on cancer
cells spiked in blood. In this experiment a lot of cells were lost during centrifugation
and aspiration steps. On white blood cells, that were still present, no TSA signal was
observed. EpCAM high cell line MCF-7 was tested along EpCAM low cell line NCI-H1650
grown on slides. Amplification of signal was visible on both cell lines. A clear difference in
signal was observed with more than five times as intense signal at MCF-7 cells compared
to NCI-H1650. Exact increase could not be calculated since the pixels with MCF-7 signal
were saturated.
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(A) Anti-mouse HRP no primary control (B) Anti-mouse HRP with anti-EpCAM

(C) 2 µg/mL anti-FITC:HRP no primary
control

(D) 2 µg/mL anti-FITC:HRP with anti-
EpCAM

Figure 11: Comparison anti-mouse HRP and anti-FITC:HRP. TSA proce-
dure was optimised with anti-mouse HRP and compared to different concen-
trations of anti-FITC:HRP. With anti-mouse HRP and with 2µg/ml anti-
FITC:HRP similar results were obtained, keeping other parameters the same.
In controls where TSA was performed without primary antibody (A and C)
very low signal was observed compared to positive controls (B and D) with
primary antibody and TSA. Fluorescent microscopic results from PC3 and
NCI-H1650 cells grown on cover slips. Negative controls without primary
antibody (left column), positive controls stained with 2µg/ml anti-EpCAM
(right column), anti-mouse HRP (top row) and 2 µg/ml anti-FITC:HRP (bot-
tom row), DAPI (blue, all samples). 15 minutes Alexa Fluor 488 tyramide
labelling, LUT 1057-16113, exposure 0.75 s in green. DAPI in blue.
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3.2.2 Proximity ligation assay

Protocol optimisation for proximity ligation assay was already performed at MCBP (Uni-
versity of Twente, the Netherlands). According to that protocol, cells were pressed against
a positively charged microscopic slide using cytospin at 300xg for 10 minutes. [86] Since a
lot of cells were lost with that procedure, cells were then grown on cover slips instead of
using cytospin. EpCAM low cell line PC3 and EpCAM very low cell line NCI-H1650 were
grown on slides together. On both cell lines, small dots were visible after the proximity
ligation assay was completed, see also figure 12. In negative controls without primary
antibody no dots were observed. To examine the applicability of proximity ligation assay
in solution PC3 cells and NCI-H1650 cells were spiked in blood, while using white blood
cells as negative control. Microscopic analysis of 75 cells of each cell type showed a slightly
higher number of dots at PC3 cells (on average 10-15 dots) compared to NCI-H1650 cells
(on average 5-10 dots) and white blood cells (<5 dots). During the washing steps a lot
of cells were lost however.
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(A) PLA on cover slip

(B) PLA in solution

Figure 12: Fluorescent microscopic results from PLA. PLA was performed
to amplify signal of EpCAM staining in solution and on slide on EpCAM low
cell line PC3 and EpCAM very low cell line NCI-H1650. On average 10-15
dots in PC3 cells, 5-10 dots in NCI-H1650 cells and <5 dots in white blood
cells were counted. Cells incubated overnight with 5µg/ml anti-EpCAM
before performing PLA. PLA dots in orange, PE LUT 589-1414, exposure
0.3 s. DAPI in blue. A: PC3 and NCI-H1650 cells grown on cover slip. B:
PC3 and NCI-H1650 cells spiked in blood.
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3.3 MicroRNA-21 detection

Using the method of Gasch et al. [82] for microRNA-21 detection no difference between
microRNA-21 high cell lines MCF-7 and NCI-H1975 and microRNA-21 low cell line NCI-
H1650 was observed. Even with TSA, no signal different from background was observed.
Stringency washing steps were then adapted to the stringency washing steps as given in
section 2.7 and different hybridisation buffers were tested. Despite protocol adaptations
microRNA-21 expression was still not observed with FISH and TSA on positive cell lines
MCF-7 and NCI-H1975 (see figure 13), with cell line NCI-H1650 as negative control.

The hybridisation ability of the anti-microRNA-21 probe was then tested on PVDF
membranes as described in section 2.7. Since microRNA-21 is strongly conserved through-
out evolution [87], it was thought that probe hybridised with the fish sperm of the hy-
bridisation mix, reducing the probe available to target the human microRNA-21. Fish
sperm was then replaced with BSA. Still no signal was observed and experiments were
discontinued. No images were taken.

(A) NCI-H1975 cells grown on cover slip (B) MCF-7 cells grown on cover slip

Figure 13: Anti-microRNA-21 hybridisation with anti-FITC TSA on cancer
cells grown on cover slips showing that microRNA-21 (FITC/green) signal is
not observed in positive cell lines. Fluorescent microscopic results from 40 nM
anti-microRNA-21 hybridisation, anti-FITC HRP incubation and 15 minutes
Alexa Fluor 488 tyramide labelling in green, LUT 586-13241, exposure 0.75 s,
DAPI in blue. A: NCI-H1975 cells. B: MCF-7 cells.
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4 Discussion

The goal of this research project was to determine the presence of EMT related markers
on CTC, to improve detection of low abundance markers by using TSA or PLA and to
use TSA to detect microRNA in CTC. Parts will be discussed in this order.

Epithelial-to-mesenchymal transition markers

Expression of epithelial antigen EpCAM was compared to expression of epithelial antigen
E-cadherin and mesenchymal antigens cadherin-11 and N-cadherin and PSMA in PC3,
MCF-7 and LNCaP cells. Expression of epithelial antigen EpCAM is low in the highly
metastatic PC3 cell line, whereas EpCAM expression is high in the LNCaP and MCF-7
cell line which have low metastatic potential. [88, 89]

Similar results were obtained for staining with the epithelial marker E-cadherin. E-
cadherin expression was high in EpCAM high cell lines MCF-7 and LNCaP and low in
EpCAM low cell line PC3. No signal was observed on white blood cells. E-cadherin is an
epithelial marker that is downregulated during EMT. [31] It is likely that CTC that lost
their EpCAM expression during EMT also lost their E-cadherin expression. Therefore,
EpCAM low or negative CTC that are missed in CellSearch might still be missed when
using E-cadherin next to EpCAM and cytokeratin, making E-cadherin a less suitable
marker.

PSMA can be present in the epithelial, mesenchymal or hybrid state of CTC of pro-
static origin as shown in figure 2. EpCAM low prostate cancer cell line PC3 is missed
since it does not express PSMA. Other prostate cancer cell lines next to LNCaP and PC3
need to be tested for their PSMA expression. If in most prostate cancer cell lines and
prostate cancer patient samples PSMA is expressed it might still be a useful marker next
to EpCAM, since prostate cancer is a common disease with more than 1.11 million men
estimated to be diagnosed worldwide in 2012 [90].

Cadherin-11 expression was observed using PC3αN cat 92.1 + cells dissociated without
trypsin. No non-specific staining with the EMT associated marker cadherin-11 on white
blood cells was seen. Other cadherin-11 high and low cell lines can be tested to find out
whether there is a correlation between cadherin-11 and EpCAM expression. If cadherin-
11 expression is found to be upregulated in EpCAM low or negative cancer cells, it
is a suitable marker to use next to EpCAM and cytokeratins to identify tumour cell
subpopulations.

For N-cadherin, early experiments were performed on PC3 before continuing experi-
menting on higher expressing cell line HeLa since no signal was obtained. Multiple param-
eters were looked at. In none of the experiments with cells in solution signal was obtained
that could be discriminated from background, also not when using TSA. In HeLa cells
grown on cover slips however, signal using TSA was observed at areas where cells were in
contact with each other. In cells that were not in contact with one or more cells no signal
was observed. In literature it was found that a small fraction of N-cadherin molecules
is concentrated at sites of cell-cell contact, but the majority of N-cadherin molecules are
expressed diffusively on the cell membrane. [91–93] Increased signal was found at areas
with cell-cell attachment in this project. The diffuse N-cadherin molecules however could
not be observed. It might be that the antibody only binds to N-cadherin molecules that
interact with N-cadherins of neighbouring cells. This influences the usability for the iden-
tification of circulating tumour cells. Many single CTC, but few aggregates of CTC can
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be found in metastatic cancer patients [13,94] making N-cadherin a less suitable marker.
For EGFR and SLUG, signal from cancer cells could not be discriminated from back-

ground and white blood cells. Then experiments were discontinued. One might look at
another clone and/or brand of the primary antibody. To differentiate non-specific signal
from specific antibody signal and determine the level of background in an experiment, it
is recommended to use the same concentration of isotype controls along positive controls
while experimenting. For experiments with SLUG, it might be possible that anti-SLUG
primary antibody could not reach the nucleus where SLUG resides due to unsuccessful
permeabilisation. One could investigate a higher concentration of saponin or a stronger
permeabilising agent like Triton-X. One should keep in mind however, that permeabil-
isation damages the membrane, so membrane proteins of interest might be removed as
well. Whether SLUG and/or EGFR are good markers to be used next to EpCAM and
cytokeratin to identify CTC cannot be concluded based on obtained results and needs to
be investigated.

Besides immunostaining, western blot can be used to detect specific proteins in a
sample. In general western blots are more sensitive than immunocytochemistry, but no
information about the spatial distribution of a protein is obtained. Semi-quantitative
results can be obtained when running an internal quantity standard along the samples in
the gel. It also enables comparison of protein content between different samples. Just as
it is the case with immunostaining, experimental conditions need optimisation.

Recommendations

For future experiments with staining of adhesion molecules such as cadherin, it is recom-
mended to dissociate cells without trypsin since it can result in cleavage of cell surface
proteins of interest.

One can perform cadherin-11 and PSMA staining on multiple EpCAM high and low
cell lines to see whether there is a correlation between the expression of EpCAM and
cadherin-11 and EpCAM and PSMA. For further experiments with EGFR and SLUG
antibodies from another clone and/or brand need to be tested. It is likely that with mes-
enchymal markers such as cadherin-11 more CTC are identified than with only EpCAM
and cytokeratins using CellSearch. This was not tested in this project. Whether more
CTC are identified can be tested using multiple cadherin-11 high and low expressing cells
while also investigating their EpCAM expression. If a correlation is seen between low
EpCAM expression and high mesenchymal marker cadherin-11 expression in multiple cell
lines, one might continue with testing the filtered CellSearch waste of metastatic cancer
patient samples. If cells in the waste can be identified with this additional marker, it
increases the total number of CTC found by CellSearch, making cadherin-11 a suitable
marker to use along EpCAM and cytokeratins. Whether these EpCAM low or negative
cells, that are identified with additional markers, are clinically relevant needs to be inves-
tigated. In several cancers EpCAM expressing CTC predict poor outcome. [17,95] A large
study needs to be performed on EpCAM low or negative cells found in CellSearch waste
in relation to patient outcome. If there is a correlation between patient outcome and
EpCAM low or negative cells, these cells can be a useful biomarker for patient prognosis
in addition to EpCAM high CTC.
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Signal amplification

For protocol optimisation of TSA, it was preferred to have cells on microscopic slides or
cover slips. A number of washing steps had to be performed and performing them in
solution elongated the procedure significantly due to the centrifugation steps with also a
higher chance of cell loss. Growing cells on cover slips took a longer preparation time, but
had minimal cell loss as advantage. It took two nights before most cells were attached to
the cover slip.

Circulating tumour cells cannot be grown on slides however, making staining in so-
lution or the use of cytospin necessary. With centrifugation at 500xg for 5 minutes and
gentle aspiration, cell loss is prevented. Cytospin is a fast procedure to have cells on a
slide, however almost all cells were lost during washing. One can look at surface coating
of microscopic slides to enhance attachment of cells to the slide during the procedure
with cytospin. For detection of low abundance antigens on CTC that are on a microsieve
(Vycap, Enschede, The Netherlands, not tested in this project), washing and staining
solutions are put on top of the filter and are removed by gently pressing down the sieve
on the sponge. Cancer cells cannot pass the filter and will stay on top. It is expected
that TSA for cells on microsieves will take as long as TSA for cells grown on cover slips.

It is also interesting to see whether with EpCAM high and low cells more difference
in intensity can be observed compared to experiments with EpCAM low and very low
cells. Jaros observed differences between EpCAM high and low cell lines. [86] In another
experiment with PLA where cancer cells were spiked in blood, in half of the examined
white blood cells a few PLA dots were observed. This number might be too high, since
white blood cells were not stained with CD45 but assigned by eye to be a white blood
cell based on size and morphology, whilst it might be a tumour cell. Jaros [86] concluded
that fluorescently labelled probes not only hybridise specifically with the amplified DNA,
but also non-specifically bind to white blood cells. When using PLA to quantify low
abundance proteins, this might be a problem, since based on these dots cancer cells cannot
be discriminated from white blood cells. On cancer cells without primary antibody no
dots were observed however, see also figure 14 on page 48. Staining white blood cells with
anti-CD45 or CD16 after the PLA procedure is finished, permits discrimination between
cancer cells and white blood cells. Counting of dots was done manually, by scrolling
through the sample with different focuses of the microscope. This is time consuming and
may be imprecise, since a dot can accidentally be missed by human error. No analysis of
experiments with PLA was performed at the flow cytometer. According to Leuchowius et
al. this should be possible. [96] Whether so few dots can be detected can be investigated.
Performing flow cytometric analysis using cell lines with different EpCAM expression
for PLA, it can be checked whether it is actually possible and also information can be
obtained about the detection limit.

With PLA no 100% detection efficiency is obtained. [97, 98] Not all oligos that are in
close proximity will give rise to a circular DNA ligation product. [97] This might be due
to the probe design, oligo quality or inefficient enzymatic reactions. For the formation
of circular DNA in PLA four different oligonucleotides need to assemble and hybridise
correctly, see also figure 4 on page 8. This increases the chance that non-circular ligation
products are formed. For detection circular products are required. Grannas found that
PLA formed both circular and linear ligation DNA products [97]. With UnFold PLA
detection efficiency is increased. In UnFold PLA the circularization oligonucleotide is
incorporated in the sequence of one of the PLA probes to limit the formation of non-
circular ligation products. [97] Since TSA only depends on the affinity of primary and
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secondary antibodies and on one enzymatic reaction, TSA might be more efficient.
TSA is based on an enzymatic reaction of HRP, making it time dependent. To obtain

reproducible results, control of timing is essential. Although tyramide labelling was timed,
it was not totally accurate due to human error. With an increasing number of samples,
timing was more imprecise. For PLA, precise timing is less important as long as enough
amplification cycles can be completed to obtain signal, see also figure 4. Therefore,
samples are better comparable and experiments more reproducible using PLA compared to
TSA. PLA also has a better spatial resolution, enabling quantification of single molecules,
compared to TSA where more diffuse signal is observed. In literature, it is said that in the
vicinity of the HRP molecule, covalent coupling of highly reactive, short-lived tyramide
radicals to proteins occurs. This should result in a minimal diffusion-related loss of signal
localisation. [60] Compared to PLA, the obtained spatial resolution with TSA was very
poor. However, detection efficiency is not known.

Recommendations

It is advisable to use TSA for qualitative measurements only, since precise timing for
quantitative measurements is difficult. When one is interested in the spatial distribution
of a protein, it is recommended to use PLA rather than TSA, since obtained spatial
resolution with TSA is poor. Other PLA designs such as UnFold PLA can be investigated
to enhance detection efficiency. Coating to enhance cell attachment on cover slips or
microscopic slides can be investigated. Also the applicability of PLA and TSA on CTC
captured on microsieves can be studied.

MicroRNA-21 detection

For microRNA-21 detection, a probe was purchased at Exiqon. In the instruction manual
of the optimisation kit for miRCURY LNA microRNA ISH, one can find that the kit for
optimisation is supplied with a formamide-free hybridisation buffer specifically for miR-
CURY LNA detection probe-based in situ hybridisation. [99] Nevertheless, it is not said
of what components their buffer is made. The hybridisation temperature is influenced by
the hybridisation buffer used. Using the by Exiqon recommended hybridisation temper-
ature of 56 ◦C no signal was observed. Hybridisation temperature was adapted to 50 ◦C
according to Gasch et al. [82] Still no signal was observed. Even when spotting amplicons
of the microRNA-21 gene containing the target sequence on a PVDF membrane, no signal
was observed. Either the probe is malfunctioning, or the procedure is suboptimal.

Besides the hybridisation buffer, the Exiqon optimisation kit contains a scramble-
microRNA probe which is a negative control probe and a U6 small nuclear RNA probe
which is a positive control probe. A positive result from the positive control indicates
that the procedure is optimised and working, even if the other cell samples in the same
experiment are negative. In that way, positive controls prove negative results to be valid.
U6 small nuclear RNA is a non-coding small nuclear RNA component located in the
nucleus of eukaryotes.

Recommendations

It is advisable to use U6 small nuclear RNA probe to optimise the protocol parameters
such as hybridisation temperature. To determine the optimal hybridisation temperature
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with the Exiqon hybridisation buffer, experiments with hybridisation temperatures rang-
ing from 50 to 60 ◦C can be performed. With different dilutions of the U6 small nuclear
RNA probe ranging from 0.1 to 2.0 nM the sensitivity level of the in situ hybridisation
protocol can be identified. Then detection probe concentration can be optimised with an
optimisation range from 20 to 80 nM.
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5 Conclusion

To enable identification of EpCAM low or negative circulating tumour cells, different
markers were investigated on the cell lines PC3, LNCaP and MCF-7. A high PSMA
expression was observed in LNCaP cells and a lower expression in PC3 and MCF-7 cells.
Its suitability as marker next to EpCAM in CellSearch needs to be investigated. The
highest expression of epithelial marker E-cadherin was observed in MCF-7 cells, followed
by LNCaP cells, whereas low expression was observed in PC3 cells. E-cadherin is likely
to be downregulated in cells that underwent EMT, reducing its usability as marker next
to EpCAM. Signal of EGFR and SLUG was not seen to be different from background. If
those markers can be used next to EpCAM needs to be investigated using other antibodies.
N-cadherin was only observed in HeLa cells at areas of cell-cell contact, making it a less
useful marker. Cadherin-11 was tested on PC3αN cat 5.2 (cadherin-11 low) and PC3αN
cat 92.1 (cadherin-11 high) and could be observed when using PC3αN cat 92.1 cells that
were dissociated without trypsin. If cadherin-11 is also upregulated in other EpCAM low
or negative cell lines, it can be used as marker next to EpCAM in the CellSearch system.

To enhance detection of low abundance proteins, two signal amplification methods were
investigated. The first was tyramide signal amplification. Using endogenous peroxidase
quenching, 2 µg/ml anti-EpCAM, anti-mouse HRP or 2 µg/ml anti-FITC:HRP and 15
minutes tyramide labelling time, tyramide signal amplification was proven effective for
cells in solution and cells grown on slides. Spatial resolution was poor however. The
second amplification method was proximity ligation assay, which showed good spatial
resolution and enabled single molecule quantification.

To differentiate between normal cells and circulating tumour cells in filtered blood
of the CellSearch system, detection of microRNA-21 with fluorescence in situ hybridisa-
tion in combination with tyramide signal amplification was investigated. No signal was
observed, also not when hybridising the probe with amplified microRNA-21 gene material.
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Assay for Microscopy and Flow Cytometry,” Current Protocols in Cytometry, vol.
Chapter 9, p. Unit 9.36, Apr. 2011. [Online]. Available: http://www.ncbi.nlm.nih.
gov/pubmed/21455970http://doi.wiley.com/10.1002/0471142956.cy0936s56

[97] K. Grannas, “Improvements and Applications of in situ Proximity Ligation
Assays,” 2015. [Online]. Available: https://uu.diva-portal.org/smash/get/diva2:
801280/FULLTEXT01.pdf

[98] S. Fredriksson, M. Gullberg, J. Jarvius, C. Olsson, K. Pietras, S. M. Gústafsdóttir,
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Appendix A Immunostaining protocol

1. Spin cells down for 5 minutes at 500xg directly after harvesting and aspirate super-
natant

2. Resuspend cell pellet in 1% formaldehyde in PBS 1X and incubate for 15 minutes
at room temperature.

3. Spin down at 500xg, aspirate supernatant and resuspend in 1% BSA in PBS 1X to
a concentration of 1x106 cells/ml.

4. Bring 500.000 cells per sample in an Eppendorf tube.

5. Optional: permeabilisation of cells Spin down at 500xg, aspirate supernatant and
resuspend in 0.05% saponin with 1% BSA in PBS 1X and incubate for 10 minutes
at room temperature

6. Spin down at 500xg, aspirate supernatant and resuspend in (eventually 0.05%
saponin) 1% BSA in PBS 1X and staining reagents to a total volume of 100 µl.
Incubate for 30 minutes at 37 ◦C, protected from light when using fluorescent la-
beled primary antibodies.

7. Optional: secondary antibody Spin down at 500xg, aspirate supernatant and resus-
pend in 2 ml 1% BSA in PBS 1X. Incubate for 5 minutes at room temperature and
spin down at 500xg. Aspirate supernatant and resuspend in 1% BSA in PBS 1X
with staining reagents to a total volume of 100 µl. Incubate for 30 minutes at 37 ◦C,
protected from light.

8. Spin down at 500xg, aspirate supernatant and resuspend in 100 µl 1% BSA in PBS
1X with Hoechst 33342 to an end concentration of 4 µg/ml and in case of white
blood cells also with CD45. Incubate for 15 minutes at 37 ◦C, protected from light.

9. Perform fluorescent microscopic analysis or flow cytrometric analysis.
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Appendix B TSA protocol

For TSA in solution, fixed cells were used.
Preparation for experiments on cover slips:

1. Incubate cover slips in an opened wells plate with 70% ethanol for at least 30 minutes
in a sterile environment (laminar flow hood).

2. Wash cover slips twice with PBS 1X.

3. Add correct cell medium and 40.000 cells/cm2 and let cells attach to the cover slips
at 37 ◦C and 5% CO2.

4. After attachment of cells, wash them twice with PBS 1X and fix the cells with 1%
formaldehyde in PBS 1X for 30 minutes at room temperature.

5. Rinse twice with PBS 1X.

TSA on cells in solution and on cover slips:

6. Quench endogenous peroxidase activity with 3% H2O2 for 60 minutes at room tem-
perature and rinse three times with PBS 1X.

7. Incubate 30 minutes at 37 ◦C with blocking buffer.

8. Stain cells according to the experiment setup with primary antibodies with mouse
as host or labelled with FITC for 30 minutes at 37 ◦C.

9. Rinse three times with PBS 1X for 10 minutes.

10. Incubate samples with anti-mouse or anti-FITC:HRP for 30 minutes at 37 ◦C.

11. Wash samples three times with PBS 1X and prepare reaction buffer, H2O2 solution,
reaction stop working solution and tyramide working solution. Prepare fresh on the
day of use and prepare tyramide working solution not longer than 2 hours before
use.

• reaction buffer: one drop to 1 ml ultra-pure water

• H2O2 solution: one drop to 1 ml ultra-pure water

• reaction stop working solution: 1:11 dilution in PBS 1X

• tyramide working solution: reaction buffer, H2O2 solution and tyramide work-
ing solution in a ratio of 100:1:1.

12. Incubate samples with tyramide working solution for 15 minutes at room tempera-
ture. Control of time is crucial for reproducibility, since enzyme reactions are time
dependent.

13. Add reaction stop working solution after 15 minutes and incubate for 5 minutes.
Wash samples three times with PBS 1X for 5 minutes.

14. Place a drop of mounting medium with DAPI on a microscope slide and flip the
cover slip on top. Add Hoechst to the samples in solution. Incubate for 15 minutes
at room temperature and perform microscopic analysis.
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Appendix C PLA protocol

For PLA in solution, fixed cells were used.
Preparation for experiments on cover slips:

1. Incubate cover slips in an opened wells plate with 70% ethanol for at least 30 minutes
in a sterile environment (laminar flow hood).

2. Wash cover slips twice with PBS 1X.

3. Add correct cell medium and 40.000 cells/cm2 and let cells attach to the cover slips
at 37 ◦C and 5% CO2.

4. After attachment of cells, wash them twice with PBS 1X and fix the cells with 1%
formaldehyde in PBS 1X for 30 minutes at room temperature.

5. Rinse twice with PBS 1X.

PLA on cells in solution and on cover slips (reagents, except EpCAM, from Duolink):

6. Incubate samples for 30 minutes at 37 ◦C with blocking solution.

7. Tap off blocking solution and incubate samples with primary antibodies diluted to
desired concentration with antibody diluent (used: 5 µg/ml EpCAM with mouse as
host) overnight at 4 ◦C.

8. Wash slides twice in wash buffer A 1x for 5 minutes.

9. Incubate samples for 60 minutes at 37 ◦C with PLA probes PLUS and MINUS,
diluted in antibody diluent. For 40µl reaction, use 24 µl antibody diluent, 8 µl PLA
probe PLUS stock (5x) and 8µl PLA probe MINUS stock (5x).

10. Wash samples twice with wash buffer A 1x for 5 minutes under gentle agitation.

11. For ligation, dilute ligation stock 1:5 and ligase stock 1:40 in ultra- pure water just
before use. For 40µl reaction, use 31 µl ultra-pure water, 8µl of ligation stock (5x)
and 1 µl of ligase stock. Incubate samples for 30 minutes at 37 ◦C.

12. Wash samples twice with wash buffer A 1x for 2 minutes under gentle agitation.

13. For amplification, dilute amplification stock 1:5 and polymerase stock 1:80 in ultra-
pure water just before use. For 40 µl reaction, use 31.5 µl ultra-pure water, 8µl of
amplification stock (5x) and 0.5 µl of polymerase stock. Incubate samples for 100
minutes at 37 ◦C.

14. Wash samples twice with wash buffer B 1x for 10 minutes. Then, wash samples
with wash buffer B 0.01x for 1 minute.

15. Place a drop of mounting medium with DAPI on a microscope slide and flip the
cover slip on top. Add Hoechst to the samples in solution. Incubate for 15 minutes
at room temperature and perform microscopic analysis.
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Appendix D Supplementary figures

Figure 14: Fluorescent microscopic results from PLA showing that PLA dots
cannot be observed when no primary antibody staining is applied. PC3 and
NCI-H1650 cells grown on cover slip. PLA procedure was performed without
primary antibody as negative control. DAPI in blue. PLA dots in orange,
PE LUT 589-1414, exposure 0.3 s.
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(A) Mean response of CTC: 2,474 (B) Mean response of CTC: 4,086

(C) Mean response of CTC: 2,013 (D) Mean response of CTC: 3,117

Figure 15: N-cadherin-TSA staining of cancer cells in solution and negative
controls showing that mean flow cytometric responses do not differ between
positive and negative controls. Flow cytometric results from cancer cells in
solution that underwent TSA with or without 2µg/mL primary N-cadherin
staining. Anti-mouse TSA against N-cadherin antibody. A: HeLa cells dis-
sociated with trypsin, negative control of TSA without primary N-cadherin
staining. B: HeLa cells dissociated with trypsin, stained with N-cadherin
and TSA. C: HeLa cells dissociated without trypsin, negative control of
TSA without primary N-cadherin staining. D: HeLa cells dissociated without
trypsin, stained with N-cadherin and TSA.
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Appendix E TSA optimisation steps

To optimise the TSA procedure multiple parameters were investigated, described here
below.

Parameter Outcome

Incubation of cover slips with poly-L-lysine No difference in cell attachment
between treated and non-treated slips

Quenching endogenous peroxidase activity Without quenching primary antibody
independent TSA signal was observed

Primary antibody concentration: 2µg/mL gave best results
0.04 µg/mL, 0.4 µg/mL or 2µg/mL

Tyramide labelling time: 15 minutes was optimal
5, 10, 15 and 30 minutes

Anti-FITC:HRP concentration: 2 µg/ml gave results comparable to
1, 2, 5 and 20 µg/ml anti-mouse TSA

TSA in solution versus on cover slips Both working, though in solution more
time consuming
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