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Abstract 

 

A major challenge in monitoring and managing metastatic cancer is the frequent inability to use 

invasive biopsies as a means of obtaining information regarding tumour progression. Circulating 

tumour cell (CTC) liquid biopsies—that is, collecting and analyzing CTCs from a blood 

sample—represent an opportunity for non-invasive cancer monitoring. The challenges of 

obtaining rare CTCs and sequencing single cell-amounts of miRNA have thus far made it 

impossible to accurately assess miRNA from CTCs. Here we present an integrated method 

combining negative-selection, high-throughput microscopy, micromanipulation, and 

microfluidics to measure the genome-wide expression of microRNAs (miRNAs) in single CTCs. 

Using our method, we generated single-cell miRNA expression profiles for 258 CTCs from 14 

late-stage metastatic prostate cancer patients (mean 18 per patient). The total miRNA reads per 

cell was 27,423—accounting for 39% of aligned reads—while the mean detected miRNA 

species per cell was 155. Individual CTCs displayed significant interpatient heterogeneity, while 

intrapatient heterogeneity was comparatively low. Retrospective analysis of CTCs from 

castration-resistant prostate cancer patients provides preliminary evidence that miR-200b and 

miR-200a expression is negatively correlated with more aggressive tumour phenotypes; this 

demonstrates the potential of this method for monitoring and predicting disease progression in 

prostate cancer. This study establishes a method for obtaining single-cell miRNA profiles of 

CTCs, thereby enabling the ability to assess the important roles miRNAs play in cancer 

development, progression and response to treatment. 
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Lay Summary 

 

Cancer cells are constantly evolving, and thus, clinicians must obtain information regarding 

current tumour state in order to treat cancer patients effectively; this is often infeasible due to the 

invasive nature of metastatic biopsies. To solve this problem, researchers have begun 

investigating circulating tumour cells (CTCs) as a non-invasive tumour monitoring method. 

However, there is currently a lack of single-cell analysis methods compatible with CTC research. 

The goal of this work is to add to the measurement capabilities by developing a method for 

enriching, isolating, and performing single-cell miRNA sequencing on CTCs from metastatic 

cancer patients. To demonstrate the functionality of the method, I generated single-cell miRNA 

sequencing profiles of 258 CTCs from 14 late-stage metastatic prostate cancer patients. Analysis 

of the resulting data set provided preliminary evidence that miRNA expression patterns can 

retrospectively classify aggressive tumour phenotypes; these results demonstrate potential 

applications for CTC miRNA sequencing in the clinic.  
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Chapter 1: Introduction 

 

Cancer often arises due to the accumulation of genetic mutations that lead to the 

dysregulation of several key biological mechanisms, including cell signalling, survival, growth, 

proliferation, and differentiation (1). The underlying mutational signatures are highly variable 

between patients, and for this reason, the development of a universal treatment for any specific 

cancer has proven to be extremely elusive and is likely to remain so (2,3).  

In recent years the enhancement of patient anti-cancer immune responses has emerged as 

a new cancer treatment paradigm that can be applied across many patients and even tumour types 

(4). Rather than targeting cancer cells, as is done using chemotherapy or previous antibody-based 

strategies, this approach works by enhancing the patient’s own anti-cancer immune surveillance 

through a variety of mechanisms including blockade of immune checkpoints, agonism of 

immunostimulatory pathways, vaccination, or targeting engagement of T cells (4). The most 

successful of this has been blockage of the programmed cell-death protein-1 (PD-1) axis using 

monoclonal antibodies, a strategy that has been successful in generating complete and durable 

responses in a variety of tumours including lung, skin, and gastric cancers (5,6). Despite the 

dramatic success in many indications, such complete remissions are only observed in a minority 

of patients, and there is little understanding of why patient responses are varied. Another recent 

breakthrough in the treatment of leukemia is by engineering T-cells and arming them with 

chimeric antigen receptors (CARs) targeting various tumour-specific antigens (9–14). Recent 

trials using CARs targeting CD19, including trials by Juno Therapeutics, Kite Therapeutics, and 

Novartis, have demonstrated over 60% response rates and long-term remission in patients that 

otherwise had no options. Both of these strategies highlight the power of using the immune 
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system to attack cancer, and highlight that cancer is in part a failure of immune-surveillance. Of 

note, these approaches are not exclusive of existing chemotherapy and small molecule drug 

treatments, and there are hundreds of clinical trials in progress to investigate combination 

strategies. This, coupled with the incomplete response in patients, as well as very low responses 

in many cancer types, motivates improved methods of stratifying patient populations using 

clinical biomarkers. 

As an alternative to generalized treatments, clinicians have also attempted to develop 

personalized treatment strategies. To do so, researchers have investigated the possibility of 

implementing treatment regimens based on insights into tumour weaknesses obtained through 

modern genomic and transcriptomic analysis techniques (15). However, due to high levels of 

intra-tumour heterogeneity and clonal diversity, initial lines of treatment inevitably trigger 

“Darwinian” selection for the most fit tumour subpopulations; therapy-resistant cells can then 

continue to proliferate unimpeded until subsequent therapies have been administered (2,3,16). In 

this sense, a major challenge of personalized medicine is that oncologists are not only fighting 

the tumour cells themselves, but also one of the most powerful natural phenomena on Earth—

evolution (17). For this reason, methods that allow for the monitoring of tumours before, during, 

and after administration of therapies may be useful for directing treatment options for cancer 

patients; as a tumour evolves, so too must therapeutic strategies (18). Unfortunately, acquiring 

up-to-date information regarding the state of tumour progression poses a serious technical 

challenge (19,20). Metastatic biopsies, which are sometimes the only option for obtaining 

relevant tumourigenic information, can require extremely invasive procedures that are not 

feasible in the clinical setting. This is especially true in prostate cancer, where metastases target 

the bone in roughly 90% of patients (21). Therefore, in order for personalized medicine to 
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continue to grow and exert its full potential in the management of cancer, methods for non-

invasive monitoring of tumour progression must be developed.  

 To help advance the field of personalized medicine, researchers have begun to investigate 

the clinical potential of circulating tumour cells (CTCs) (22). CTCs are cells that have been shed 

from a tumour into the circulation (23), and are therefore a minimally invasive source of tumour 

material that can be used to diagnose (24,25), inform the treatment of (26–30), and monitor 

disease (22,31–33). Current lines of research in this field are aimed at developing methods to 

enrich for, detect, isolate, and measure these extremely rare cells, and identifying different 

biomolecules with diagnostic and prognostic potential.  

The goal of my thesis project was to develop the first integrated method for sequencing 

microRNAs (miRNAs) in single CTCs. Towards this goal, I successfully established and 

benchmarked a sensitive and specific CTC purification strategy by combining existing pre-

enrichment steps with high-throughput microscopy. Next, a single-cell miRNA sequencing 

method was adapted and optimized to be compatible with this purification platform. Finally, 

genome-wide miRNA expression profiles were obtained from 258 CTCs isolated from 14 

patients with metastatic prostate cancer, generating initial observations of miRNA expression 

changes during disease progression and, perhaps more importantly, establishing the feasibility of 

CTC miRNA profiling. This chapter will provide background information regarding the latest 

CTC research, while focusing on enrichment, detection, and analysis strategies that have been 

used for prostate cancer. Chapter 2 details the development of our CTC purification strategy and 

its comparison against the current leading methods, and Chapter 3 describes the miRNA 

sequencing method and results. Finally, Chapter 4 provides a summary and future 

recommendations.  
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1.1 Overview of Liquid Biopsy Methods 

A non-invasive tumour monitoring method that has gained traction in recent years is the 

“liquid biopsy”— that is, using biomarkers circulating through the bloodstream to inform 

diagnosis, prognosis, and/or treatment outcomes in cancer patients (15,18). The goal of liquid 

biopsy research is to gain enough knowledge regarding circulating biomarkers to replace 

invasive biopsies with a standard blood test. In doing so, this assay has the potential to enable the 

development of routine diagnostic cancer tests in the general population, which could help 

clinicians save lives by detecting cancer sooner and initiating therapies or surgical procedures 

earlier in tumour progression (25). Liquid biopsies also represent a promising approach for 

tracking prognosis, residual disease, and post-treatment relapse by enabling a non-invasive 

method for serial tumourigenesis monitoring (26–28,31,32). By providing more accessible and 

complete molecular analysis of tumours, circulating biomarkers have the potential to arm 

clinicians with knowledge regarding vulnerabilities that could help dictate personalized treatment 

options (30). Furthermore, performing liquid biopsies over the course of a therapy would help 

clinicians monitor tumour burden, thereby improving estimates of therapeutic success and 

preventing under-/overtreatment of patients (20,22,26). For these reasons, liquid biopsy research 

has become very popular over the past few decades, and the two major biomarkers of interest are 

circulating tumour nucleic acids (ctNAs) and circulating tumour cells (CTCs).  

 

1.1.1 Cell-Free Nucleic Acids 

Cell-free nucleic acids (cfNAs) were first discovered in 1948 by Mandel and Metais (34). 

In the 1970’s, it was reported that cfNA levels were significantly elevated in the blood of cancer 

patients, and subsequent findings showed that these sequences partially originated from the 
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tumour cells themselves (35,36). A separate group confirmed these findings and pushed the field 

further by successfully detecting the presence of circulating mutant KRAS sequences identical to 

mutations found in the primary tumour of a pancreatic cancer patient (37). This finding 

demonstrated the potential of ctNA liquid biopsies as a tool for monitoring the mutational 

landscape of tumours without the need for invasive biopsies, and spurred interest in the field. 

Since this landmark paper, researchers have pursued clinically relevant correlations between 

ctNAs and diagnosis, prognosis, treatment response, and tumour burden estimates in cancer; in 

doing so, many useful ctNA biomarkers have been discovered (18). For example, it has been 

shown that specific genomic alterations of clinically actionable genes—such as AR, BRCA2, 

ATM, PTEN, PIK3CA, PIK3R1, TP53, and RB1—can be detected in metastatic castration-

resistant prostate cancer (CRPC) patients via ctNA liquid biopsies; these observations were 

concordant with results from metastatic biopsy analyses from the same patient (38). Cell-free 

RNA (cfRNA)-based liquid biopsies have also shown promise, with several miRNAs arising as 

potentially clinically relevant prostate cancer biomarkers (39–43).  

However, there are inherent limitations of cfNA analysis. The signal-to-noise ratio for 

ctNA analyses is low, since wild-type nucleic acids from non-tumourigenic hematopoietic cells 

represent the vast majority of cfNA; this background noise is further increased during 

chemotherapy (44). Therefore, the majority of cfNA analyses are limited to monitoring tumour-

specific gene mutations, where a priori information regarding a target-of-interest is required 

(15). Untargeted approaches are also possible, however such analysis methods are expensive and 

tend to suffer from low limits of detection (45–48). Additionally, aside from miRNAs, it has 

proven difficult to obtain relevant gene expression or transcriptomic data from cfNAs (49,50). 
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For these reasons, researchers have found it necessary to investigate additional blood-bound 

cancer biomarkers to overcome these deficiencies. 

 

1.1.2 Circulating Tumour Cells 

As an alternative to ctNA analyses, liquid biopsy researchers have become increasingly 

interested in CTCs. CTCs were first observed in 1869 by an Australian physician, Thomas 

Ashworth, when he noted the presence of “cells identical with those of the cancer itself” in the 

blood stream (51). These cells were naturally of interest to researchers. However, due to their 

rarity—they constitute 1 out of a ~107 white blood cells per millilitre of blood (52)—further 

studies to determine the origin and importance of CTCs were severely hindered until technical 

capabilities improved over a century after Ashworth’s discovery.  

Now, it is widely believed that CTCs play an important role in the spread of epithelial-

derived carcinomas throughout the body via a cyclic mechanism (23). First, cancer cell 

subpopulations within the primary tumour begin to exhibit a loss of adhesion to their 

neighbouring cells and basement membrane, through a process known as the epithelial-to-

mesenchymal transition (EMT) (53,54). Subsets of these cells are then able to migrate into the 

blood stream—intravasation—and survive in circulation as CTCs during the so-called leukaemic 

phase (23). Eventually, it is believed that specific clusters of CTC clones begin to form in the 

capillary beds of distant regions of the body, where some gain the ability to invade nearby organs 

through extravasation (55). Upon extravasation, a subset of tumour cells regain their epithelial 

phenotype through mesenchymal-to-epithelial transition (MET), begin to proliferate as a solid 

metastatic tumour, and the cycle continues (23,56). Therefore, CTCs represent a potentially 
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crucial cancer biomarker, as they are metastatic tumour cells flowing through the bloodstream 

that can act as a window for clinicians to investigate current tumour states.  

When done correctly, CTC analysis is not plagued by the same signal-to-noise ratio 

difficulties as cfNA analysis, as it eliminates the overwhelming presence of wild-type molecules. 

Furthermore, by analyzing the cells themselves, CTC research allows for a wider variety of 

analyses—such as differential gene expression, protein expression, protein localization, and cell-

surface antigen expression (22,52). In this way, CTC analysis can function as an alternative 

method for monitoring current tumourigenic molecular signatures with potential for use in 

personalized medicine. In recent years, modern technological advances have helped researchers 

develop ways of detecting, isolating, and analyzing CTCs, while demonstrating the potential 

applications for CTCs in the clinical setting.  

  

1.2 Enrichment and Detection of Circulating Tumour Cells 

The main technical challenge for CTC researchers arises due to the rarity of these cells, 

as there is only ~1 CTC per 107 peripheral blood mononuclear cells (PBMCs) in the blood (52). 

For this reason, enrichment—that is, obtaining a concentrated sample of CTCs from whole 

blood— and detection—determining which cells from the enriched sample are indeed CTCs—

are perhaps the most crucial steps in CTC research. In order to successfully enrich for CTCs, 

scientists rely upon specific differences between tumour cells and the surrounding hematopoietic 

cells; these include biological variations, such as cell-surface markers or functional 

characteristics, as well as physical differences, such as cell density, size, charge or symmetry. 

Over the years, researchers have developed a wide variety of innovative techniques that leverage 

these unique cellular characteristics in order to successfully enrich and detect CTCs.  
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1.2.1 Biological Characteristic-Based Enrichment/Detection Strategies 

The most popular CTC enrichment methods take advantage of biological variations in 

cell-surface antigens and follow two distinct strategies: positive or negative selection. Positive 

selection uses antibodies targeting CTC-specific cell-surface markers to select CTCs for removal 

from whole blood, whereas negative selection relies upon antibodies targeting PBMC-specific 

surface markers in order to select and remove unwanted cells from a sample. For prostate cancer, 

the most commonly targeted CTC-specific cell-surface marker is epithelial cell adhesion 

molecule (EpCAM)—a transmembrane glycoprotein involved in cell-adhesion, signalling, cell 

migration, proliferation, and differentiation that is highly expressed in epithelial-derived tumour 

cells and not expressed in PBMCs (57,58). Despite the wide-spread use of EpCAM as a prostate 

CTC marker, it has been shown that EMT in CTCs leads to decreased expression of EpCAM; 

this presents an important limitation of EpCAM-based positive selection, as it is only capable of 

enriching for epithelial-like CTC subpopulations (59). One way to address this issue is to 

perform positive selection using antibodies targeting a wider variety of cell-surface markers. For 

example, mixing anti-EpCAM antibodies with antibodies targeting mesenchymal markers such 

as cadherin-11 can help enrich for a broader range of CTC subpopulations (60). Another way in 

which researchers have combatted this issue is by developing more generic enrichment methods, 

the main example of which is negative selection. Rather than targeting the CTCs directly, 

negative selection often targets the PBMC-specific cell-surface marker CD45 and removes all 

CD45+ cells from a sample. The remaining cells will therefore be enriched for a wider variety of 

CTCs, independent of epithelial cell-surface marker expression (22). In recent years, researchers 

have developed many CTC enrichment techniques that leverage differences in cell-surface 

markers through positive or negative selection.  
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1.2.1.1 Positive Selection 

The only CTC enrichment method to be approved for clinical use in prostate cancer by 

the FDA, CellSearch® (Veridex, USA), uses positive selection. The CellSearch® protocol uses 

anti-EpCAM antibody-coated ferromagnetic beads to bind epithelial-derived cells in a 7.5 mL 

blood sample. Once EpCAM-positive cells are bound, the CellSearch® platform employs a 

magnetic field to isolate these cells into a CTC-enriched solution. Next, there is an 

immunofluorescence-based detection step where enriched cells are fixed and stained with 

epithelial cell-specific cytokeratin (CK) antibodies and PBMC-specific CD45 antibodies; CTCs 

are detected as cells with CK+/CD45- signatures (61). In order to address the problem of 

enriching CTCs that have undergone EMT, an adjustment to the platform can be made using a 

cadherin-11-based capture approach to enrich for mesenchymal tumour cells (60). These 

enrichment/detection approaches allow CellSearch® to successfully enumerate carcinoma tumour 

cells, and for this reason, it is often used in the clinic as a prognostic measurement for metastatic 

prostate cancer patients (62).  

The CellSearch® platform, however, leaves a lot to be desired. The positive selection-

based enrichment method results in rather impure samples and the detection/enumeration steps 

can easily be affected by technician biases, leading to highly variable count measurements (63). 

Another major limitation of CellSearch® is that it is not well-suited for in-depth downstream 

analyses due to both the low-purity of CTCs within the enriched sample and the 

fixation/processing steps required for detection. In recent years, adjustments to the CellSearch® 

platform have been made to address these issues (60,64,65); however, due to these original 

concerns, several other interesting techniques have been explored for enriching/detecting CTCs.  
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Following the success of the CellSearch® assay, similar positive selection CTC 

enrichment approaches were developed. Building upon this strategy, Todenhöfer et al. developed 

the Adnatest, which selects CTCs by targeting epithelial and tumour-associated markers with 

antibodies conjugated to magnetic beads. Following extraction using a magnetic particle 

concentrator (AdnaMag-L and AdnaMag-S), cells are lysed in bulk and RNA from the lysates is 

purified for downstream RT-PCR analyses. This RT-PCR step uses primers for known tumour-

specific transcripts in order to detect the presence of CTCs; in prostate cancer, these targets often 

include prostate-specific antigen (PSA), prostate-specific membrane antigen (PSMA), and 

epidermal growth factor receptor (EGFR). As proof of concept, Todenhöfer et al. used the 

AdnaTest to perform serial CTC detection experiments on castration-resistant prostate cancer 

(CRPC) patients of the course of a treatment regimen (66).  

While this experiment demonstrated the AdnaTest’s potential, there were evident 

limitations. Again, this positive selection technique likely resulted in low-purity samples 

exhibiting overrepresentation of specific CTC subpopulations. The subsequent batch lysis step 

eliminated the ability to analyze heterogeneity from the sample, as RNA transcripts from 

different CTCs are indistinguishable; this also prevented the AdnaTest from generating accurate 

CTC count estimates, which have been shown to infer prognosis (67). A potential solution to this 

limitation would be to combine the AdnaTest with a downstream micromanipulation step in 

order to isolate individual cells prior to lysis. 

Taking a slightly different positive selection approach, a group at Stanford University 

created the MagSweeper, which uses anti-EpCAM Dynabeads (CELLection Epithelial Enrich; 

Invitrogen, and Dynal) to target epithelial-derived cells and a magnetic rod to attract bead-bound 

cells. Once cells are attached to the rod, the sheer force generated by gently mixing it through a 
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wash buffer removes contaminants and non-specifically bound cells. To gain additional purity, 

the manufacturers recommend performing several rounds of wash-release-capture; in doing so, 

they report near 100% purity and ~60% capture efficiency in cell-line experiments. While the 

MagSweeper is still subject to the standard limitations of positive selection, this technique has 

the added benefit of enriching viable CTCs that can be used for a variety of downstream 

molecular analyses (31,68). In fact, subsequent RNA sequencing (RNA-seq) studies have shown 

that the MagSweeper can successfully isolate CTCs with only modest perturbations to the cell 

(69). 

Positive selection has also been adapted for in vivo CTC enrichment by a German 

company, GILUPI. This group developed the CellCollector®—a structured medical Seldinger 

guidewire coated with anti-EpCAM antibodies—to allow collection of CTCs directly from the 

veins of metastatic cancer patients (70). This in vivo design means the CellCollector® has the 

potential to select CTCs from very large volumes of blood as it circulates past the wire; 

additionally, it is compatible with downstream molecular analyses (71). While each of these 

positive selection-based CTC enrichment strategies are uniquely promising, they rely upon the 

assumption that all available CTCs within a sample collide with, and become bound by, 

functionalized antibodies; since this is most definitely not the case, capture efficiencies suffer.  

In order to address the capture efficiency concerns of the aforementioned methods, more 

sophisticated CTC enrichment approaches have been designed by combining positive selection 

with microfluidics. In 2007, Nagrath et al. published a paper describing the CTC-Chip—a 

microfluidic device consisting of an array of 78,000 anti-EpCAM antibody-coated microposts 

within a 970 mm2 surface. Samples are passed through the chip at 1-2 mL/h and, as cells collide 

with the microposts, EpCAM+ cells are bound and immobilized while untargeted cells are 
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discarded. CTCs are detected from the resulting EpCAM+ enriched sample using on-chip 

immunofluorescence and monitoring for CK+/CD45-/DAPI+ signatures. Using this device, 

Nagrath et al. reported being able to successfully identify CTCs in 99% of metastatic prostate 

cancer patients, with an average purity of 49% (72).  

In 2012, Kirby et al. published a paper describing a similar microfluidic chip, called the 

GEDI device, which employs an array of offset anti-PSMA antibody-coated microposts to 

disrupt streamlines and maximize cell-post collisions in a size-specific manner. Due to the 

alignment and geometry of the micropost array, increased cell size correlates with increased 

collisions, thereby promoting CTC-micropost interactions. Following immobilization of cells, 

prostate CTCs were detected as PSMA+/CD45- cells. Using the GEDI device for CTC 

enumeration on CRPC patients, research groups have reported a 2-400 fold increase in sensitivity 

when compared to the CellSearch platform, as well as 90% capture efficiency and 62% purity 

values (73,74). A subsequent iteration of the CTC-Chip eliminated the need for complex 

micropost design by integrating surface ridges and herringbones throughout the microfluidic 

chip’s channels to disrupt streamlines and maximize cell collisions with anti-EpCAM antibody-

coated walls; CTCs were once again detected by CK+/CD45-/DAPI+ signatures. Using this 

microfluidic device, the authors were able to capture CTCs in 93% of prostate cancer patients, 

with a mean purity of 14%. The declines in capture efficiency and mean purity values compared 

with the previous iteration of the CTC-Chip are likely due to the potentially large effect of 

technician bias during detection. This device also proved to be compatible with basic 

downstream analyses, as this group successfully performed on-chip RT-PCR to identify the 

TMPRSS2-ERG chimeric transcript in a patient whose primary tumour also contained this 

translocation event (75).  
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Another microfluidic device that uses a similar positive selection approach was published 

in 2013 by Lu et al. Rather than using antibody-coated microposts or walls, this group designed 

what they called NanoVelcro—anti-EpCAM antibody-coated silicon nanowires (SiNW) to select 

and immobilize CTCs (76,77). This microfluidic device combined a NanoVelcro base with an 

“overlaid polydimethylsiloxane (PDMS) chaotic mixer”, which was designed to increase cell 

collisions with the underlying NanoVelcro. This design had the added benefit that all enriched 

CTCs are bound on an equal plane, thereby rendering subsequent immunofluorescence detection 

steps easier, without the requirement of analyzing at multiple focal planes. Using this system, Lu 

et al. were able to demonstrate potential clinical utility by performing serial CTC enumerations 

in prostate cancer patients undergoing chemotherapy (78).  

While all of these microfluidic devices have been shown to perform quite well on CTC 

enumeration experiments, they result in immobilized CTCs, thereby severely hindering their 

downstream analysis capabilities. To overcome this issue, yet another version of the CTC-Chip 

was designed, called the CTC-iChip. This device integrates three sequential microfluidic 

methodologies into a single platform. First, blood is treated with ferromagnetic anti-EpCAM 

antibodies and passed through an array of offset microposts, separating red blood cells (RBCs) 

from larger nucleated cells based on size. Next, the nucleated cells pass through a winding 

channel to stimulate inertial focusing and cause the cells to align nicely. Finally, the aligned 

nucleated cells pass through a magnetic field causing magnetically tagged cells to deflect into a 

collection channel while untagged cells continue into a waste channel. Through this three-step 

approach, the CTC-iChip is able to enrich for mobilized, viable CTCs suitable for downstream 

analyses (79).  
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While this iteration of the CTC-Chip is widely considered the state-of-the-art example of 

a positive selection platform, it still suffers from the standard issues associated with this 

enrichment method. To overcome the issue of CTC surface-marker heterogeneity inherent in 

positive selection, each of these microfluidic devices can be modified with different capture 

antibodies specifically tailored to cell-surface markers of target cells—for example, anti-

cadherin-11 antibodies for CTCs that have undergone EMT, or anti-PSMA antibodies for 

prostate CTCs. However, until a well-defined antibody cocktail is developed which can 

efficiently target a broad range of CTC subpopulations, positive selection will remain an 

enrichment method that suffers from high selection bias.  

 

1.2.1.2 Negative Selection 

As mentioned above, another approach for CTC enrichment is negative selection, where 

unwanted cells are targeted and removed from a blood sample. Negative selection has the added 

benefit of being tumour antigen-independent, thereby avoiding the issue of targeting specific 

CTC populations (22,52). There are several examples of relatively basic, widely available 

negative selection-based CTC enrichment kits.  

One popular example is the RosetteSep kit from STEMCELL™ Technologies, which 

uses tetrameric antibody complexes to crosslink hematopoietic cells together, thereby increasing 

the density of unwanted cells (80). Following antibody treatment, the sample is centrifuged 

through a density gradient, causing crosslinked cells to pellet out of solution; the cells remaining 

on top of the density gradient are thus enriched with CTCs.  

There are also slight alterations that can be made to change more complex enrichment 

methods from positive selection to negative selection. For example, by simply pretreating blood 
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samples with ferromagnetic anti-CD45 antibodies, rather than anti-EpCAM antibodies, the CTC-

iChip can function as a negative selection-based enrichment mechanism. In this case, PBMCs 

and other unwanted nucleated blood cells are magnetically deflected and the CD45- CTCs flow 

undisturbed into a collection channel. Using this negative selection version of the CTC-iChip, 

Ozkumur et al. reported being capable of capturing CTCs in 90% of CRPC patients and were 

successful in performing relevant downstream analyses on these viable cells. However, they also 

reported an average purity of only 7.8%, likely owing to the fact that negative selection causes 

high levels of contamination from PBMCs exhibiting low CD45 expression (79).  

Low purity samples cause technical challenges for performing downstream analyses 

following negative selection, however, this is a reasonable trade-off to obtain a diverse 

population of CTCs. The resulting diverse CTC populations present another major technical 

hurdle during subsequent steps, as they are likely to exhibit highly heterogeneous antigen 

expression patterns, thereby resulting in difficulties during immunofluorescence-based detection. 

Ignoring this problem would result in lower enumeration counts and prevent the analyses of 

novel and potentially interesting CTC subpopulations. Therefore, more work needs to be done to 

be able to provide accurate detection and enumeration of CTCs obtained via negative selection.  

 

1.2.1.3 High-Throughput Imaging 

Another enrichment strategy relying heavily on immunofluorescence-based CTC 

detection that has become increasingly popular in recent years is high-throughput imaging. This 

approach combines high-throughput imaging with complex segmentation and classification 

algorithms to detect fluorescently labelled CTCs from a background of millions of PBMCs.  
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One example of this type of methodology is the Epic Platform, which was designed for 

the detection and molecular analysis of CTCs without the need for complex enrichment, 

depletion, or micromanipulation procedures. This platform’s workflow begins with red blood 

cell lysis to remove the vast majority of potential contaminants from a blood sample. Next, 

nucleated cells are isolated via centrifugation and plated on three separate glass slides for 

immunofluorescence analyses. One of these slides is set aside for future analyses, while the other 

two are treated with DAPI and a cocktail of CK- and CD45-targeting antibodies, and scanned 

using fiber-optic array scanning technology (FAST). Once the scan is complete, Epic Sciences’ 

proprietary algorithms distinguish CTCs from PBMCs and provide enumeration values (81,82). 

The Epic Platform has been shown to detect >5 CTCs in 80% of metastatic prostate cancer 

patients, and was reported to detect ≥2 CTCs in nearly three times more metastatic cancer 

patients than the CellSearch® platform (83).  

A similar platform that has the added benefit of being commercially distributed is 

Rarecyte’s (Seattle, WA, USA) AccuCyte CyteFinder®. This method uses a density-based 

enrichment method, called AccuCyte®, to enrich for nucleated cells prior to high-throughput 

imaging (84). Importantly, this enrichment is performed without any washing steps in order to 

minimize CTC loss. Following enrichment, the sample is loaded onto the CyteFinder® for semi-

automated high-throughput image analysis similar to that of the Epic Platform (85). An 

additional functionality of the AccuCyte CyteFinder®, however, is the CytePicker®—a 

micromanipulation instrument that can be used for individual CTC isolation, thereby enabling a 

wide variety of potential downstream analyses (86,87).  

These commercially available high-throughput imaging techniques have exciting 

potential to revolutionize CTC enrichment and downstream analyses in the lab. Unfortunately, 
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they are not immune to the complications inherent in detecting a wide variety of CTC 

subpopulations, but as cocktails of CTC detection antibodies become more complete, high-

throughput imaging-based enrichment/detection techniques have the potential to become the gold 

standard in the field. 

 

1.2.1.4 Functional Enrichment/Detection 

Aside from cell-surface marker-based enrichment/detection, other techniques have been 

developed to take advantage of different biological characteristics of CTCs. One example of a 

unique biological characteristic-based detection assay is the epithelial immunospot (EPISOT) 

assay. This assay requires a pre-enriched sample and performs in vitro short-term culturing of 

CTCs on a nitrocellulose plate coated with antibodies for specific protein markers of interest. 

Therefore, based on the choice of antibodies, the EPISOT assay is capable of determining 

whether an enriched sample of CTCs contains viable, clinically relevant cells via secretion 

protein analysis (88,89). While this assay does not have enrichment capabilities, it presents a 

unique method for detecting viable CTCs.  

Another functional assay based on biological CTC characteristics is the Vita-Assay™, 

which cultures enriched samples on a collagen adhesion matrix (CAM)-coated plate overnight; 

CTCs are further enriched based on their high affinity to CAM scaffolds. This methodology 

allows the Vita-Assay to detect CTCs with invasive phenotypes by measuring their ability to 

ingest fluorescently labeled CAM. Paris et al. tested this technique by performing invasive 

prostate cancer cell line spike-in experiments, and reported a recovery efficiency of 50% (90). 

Although functional assays lack the efficiency of other enrichment/detection techniques, they 
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have the ability to provide unique and potentially clinically valuable phenotypic information 

describing a patient’s CTCs.  

 

1.2.2 Physical Characteristic-Based Enrichment/Detection Strategies 

As an alternative to biological characteristic-based CTC enrichment strategies, other 

methods have been designed which rely on the unique physical characteristics of cancer cells. 

 

1.2.2.1 Filtration 

Early examples of physical characteristic-based enrichment relied on observations that 

tumour cells generally had significantly larger cell diameters than hematopoietic blood cells (91). 

This led to the creation of several microfabricated filtration systems, including the ISET 

(isolation by size of epithelial tumour cells) assay (RARECELLS, France). This assay simply 

filters blood through a polycarbonate membrane consisting of an array of 8 μm pores with the 

goal of capturing CTCs on the filter as smaller blood cells pass through. This design was tested 

using spike-in experiments, which found that the ISET assay was consistently able to recover 

low numbers of spiked-in cell line cells. Since the ISET assay results in viable cells, 

immunofluorescence and/or RT-PCR can be used for CTC detection/enumeration (91).  

A similar filtration approach was taken by Lin et al. in 2010, and they reported higher 

CTC counts from a higher number of patients when compared to the CellSearch® platform (92). 

These results are relatively unsurprising, as antigen-independent filtration methods allow for the 

capture of a wider variety of CTC subpopulations.  

However, the promise of filtration methods has been significantly diminished by 

subsequent research showing that CTC sizes are much more variable than previously assumed—
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the average diameter of CTCs captured by CellSearch® has been measured as being 

approximately half the size of cultured cancer cells and, in fact, very similar to PBMCs (73,93). 

Therefore, spike-in experiments cannot be used as an accurate representation of functionality for 

any size-based enrichment technique. In an attempt to address these concerns, Lee et al. 

proposed pretreating samples with detachable beads targeting tumour cells; however, this 

alteration would render any size-filtration protocol antigen-dependent, thereby defeating the 

purpose of this method (94). Due to concerns over the variability of CTC size, the basis of 

filtration for CTC enrichment has been called into question, leading to research investigating 

alternate physical characteristic-based CTC enrichment strategies.  

 

1.2.2.2 Dielectrophoresis 

A more promising method of physical characteristic-based CTC enrichment takes 

advantage of their unique dielectric properties, also known as polarizability. The polarizability of 

a cell is dependent upon diameter, membrane area, density, conductivity, and volume (95,96). In 

2009, Gascoyne et al. designed a microfluidic device capable of separating cultured cancer cells 

from peripheral blood cells through dielectrophoresis (DEP). They did so by passing a mixed 

batch of cells into a chamber containing a microelectrode array producing a 60 Hz electric 

field—the so-called “DEP cross-over frequency”. This frequency is special in that it 

simultaneously attracts cancer cells and repels blood cells due to their unique dielectric 

properties that arise from morphological and electrical conductivity differences (95,97). 

Therefore, once the mixture of cells enter the microfluidic chamber, cancer cells are attracted to 

the microelectrode array and PBMCs can be passed through the chamber and discarded. The rate 

at which PBMCs are discarded is measured by a laser counter-sizer, and when this value falls to 
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a negligible level the DEP frequency is dropped to 15 kHz. At this lower frequency, cancer cells 

begin to experience negative forces from the microelectrodes and can be passed through the 

microfluidic device into a collection tube. To prove functionality, Gascoyne et al. performed 

spike-in experiments to demonstrate the ability to collect viable cancer cells from a mixture of 

PBMCs (98). However, this initial design was rather limited by its low-throughput one-batch-at-

a-time methodology; to address this issue, Gupta et al. created the continuous flow ApoStream™. 

This device continuously passes cells through a microfluidic chamber containing an array of 

microelectrodes emitting the DEP cross-over frequency. As a mixture of cells pass through the 

device, PBMCs are deflected away from the microelectrodes towards a waste channel and CTCs 

are pulled towards a separate CTC collection channel. This results in an ameliorated high-

throughput design, since the ApoStream™ does not require batches of cells to be processed 

independently (99). Furthermore, this device’s antibody-independent mechanism has allowed 

researchers to use the device for the enrichment of CTCs from metastatic sarcoma patients, 

which was previously unattainable using EpCAM-based systems (100).  

These pilot studies have demonstrated the considerable potential of DEP-based CTC 

enrichment as an antigen-independent strategy, but further research must be done in order to 

determine the heterogeneity of CTC populations that can be effectively captured using this 

system. It is conceivable that this method only captures specific CTC subpopulations based on 

their dielectric properties and this would result in selection bias problems similar to those that 

arise with positive selection.  

 



21 

 

1.2.3 Summary 

As described above, the difficulty of enriching and detecting CTCs from whole blood has 

led to a wide variety of technical strategies to solve this problem. What becomes clear when 

comparing and contrasting these different techniques—whether it be biological or physical 

characteristic-based, positive or negative selection, filtration or DEP—is that we need to 

establish standardized methodology to understand and control for the implicit biases associated 

with each method. Furthermore, additional research must be made in the field of CTC antigen 

expression patterns in order to determine a consensus immunofluorescence cocktail for CTC 

detection. Such a cocktail would allow labs to confidently provide enumeration values and 

perform downstream analyses on a wider variety of CTC subpopulations. Additionally, the 

standardization of detection cocktails would lead to greater reproducibility of experiments, 

thereby helping CTC liquid biopsies become approved for further clinical uses. CTC enrichment 

and detection technologies have progressed rapidly in the past two decades, but significant 

improvements must be made before CTC liquid biopsies can exert their full potential in the 

clinical setting. 

 

1.3 Circulating Tumour Cell Analysis 

 As the technical capabilities for enriching/detecting CTCs continue to grow, so too have 

the methods for analyzing CTCs. Detecting CTCs represents only a fraction of their potential 

clinical utility, and a wide variety of CTC analysis techniques have been developed in order to 

investigate diagnosis, prognosis, and treatment outcome biomarkers. Due to the rarity of CTCs, 

such analyses must be functional with low input levels of cells, proteins, and/or nucleic acids 

(101). CTC analyses range from relatively basic correlative studies, such as enumeration, to 
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increasingly complicated molecular analyses, such as fluorescence in situ hybridization (FISH), 

reverse-transcription polymerase chain reaction (RT-PCR), protein-based immunofluorescence 

studies, and even next-generation sequencing (NGS) (22,52,101). Some of these methods have 

shown significant clinical potential in monitoring and treating carcinoma patients (15). Of the 

most common carcinomas, prostate cancer represents one of the diseases that could be largely 

impacted by the development of a liquid biopsy, since prostate cancer metastases target bone in 

roughly 90% of patients (21). Therefore, by developing CTC analysis techniques that can 

monitor prostate cancer prognosis, tumour burden, and treatment outcome biomarkers, 

researchers are hoping to find exciting new ways to implement liquid biopsies into the clinic. 

 

1.3.1 Enumeration 

A basic analysis technique that has exhibited clinical utility in the management of cancer 

is CTC enumeration. Through the use of appropriate CTC enumeration methods, liquid biopsies 

can monitor patients’ CTC counts at various stages of tumour progression and provide important, 

clinically relevant information. Since CTCs are not detected in healthy individuals, enumeration 

has the potential to act as a method of achieving early diagnosis of metastasis in pre-

symptomatic patients. Although additional tests would be required to determine tumour origin 

and severity, enumeration could help bolster clinicians’ early detection capabilities, thereby 

helping them initiate first-line treatments or surgical procedures earlier. Furthermore, elevated 

CTC counts often correspond to more aggressive, late-stage tumours (67,102); therefore, 

interpreting enumeration data following diagnosis has the potential to provide clinicians with a 

tool for increasingly accurate assessments of prognosis.  
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The most commonly used, and only FDA-approved, enumeration device is the 

CellSearch® system. The clinical trial that led to CellSearch®’s clearance for use in metastatic 

prostate cancer—the IMMC38 trial—consisted of 276 patients who had liquid biopsies taken 

prior to commencement of a new chemotherapy and monthly thereafter. Based on CellSearch® 

enumeration counts, patients were separated into favorable or unfavorable groups, corresponding 

to <5 and ≥5 CTCs/7.5mL of blood, respectively. The results of this trial showed that 

unfavorable pretreatment and posttreament CTC counts correlated with shorter overall survival. 

Perhaps more importantly, this trial also showed that CTC counts predicted overall survival 

better than traditional prostate cancer biomarkers—such as PSA—at each time point (67). 

Furthermore, by analyzing time as a continuous variable, it was shown that changes in CTC 

counts 4 weeks, 8 weeks, and 12 weeks after treatment were much more strongly associated with 

an increased risk of death (p = 0.0001; <0.0001; <0.0001 respectively) than changes in PSA 

levels (p = 0.07622; 0.0893; 0.0424 respectively) (102). These findings provide evidence that 

CTC counts are superior to traditional biomarkers, and monitoring them can ameliorate 

prognosis assessments for metastatic prostate cancer patients. In the years since the FDA-

approval of CellSearch®, CTC enumeration has become commonplace in the clinic for 

evaluating prostate cancer prognosis, however, significant research must be done in order to 

investigate additional potential uses of this analysis technique. 

 

1.3.2 Basic Molecular Analysis 

While enumeration has been cleared for prognosis assessments, researchers have hoped 

to find additional clinical value of CTCs through a variety of molecular analysis techniques. 

Methods for monitoring the status of clinically relevant cancer pathways represent an enormous 
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opportunity for liquid biopsies in personalized medicine, as many chemotherapeutic agents 

actively target these pathways (15,18). There are several clinically implicated tumourigenic 

prostate cancer pathways, perhaps the most important of which is the androgen receptor (AR) 

signalling pathway (103). Following androgen deprivation therapy (ADT), prostate cancer will 

often eventually progress in an androgen-independent state—known as castration-resistant 

prostate cancer (CRPC)—through the acquisition of numerous key genomic alterations 

(104,105). Common examples of such alterations include copy number variations (CNVs) and 

mutations of the AR gene, splice-variants of the AR transcript, and mutations in genes that 

regulate peripheral aspects of the AR signalling pathway (104,105). Many of these mutations 

have previously exhibited correlations with prognosis and treatment outcomes, and thus, CTC 

analysis techniques designed to monitor these biomarkers represents a potentially important 

clinical role for CTCs in prostate cancer management.  

 

1.3.2.1 Fluorescence in situ Hybridization 

An example of a relatively simple CTC analysis method is fluorescence in situ 

hybridization (FISH). FISH uses fluorescently tagged nucleic acid probes designed to have high 

complementarity with a gene or transcript of interest. Upon capture of CTCs, cells are fixed, 

permeabilized, and incubated with a set of probes (106). Through subsequent microscopic 

analyses, researchers can use FISH on CTCs to determine the presence of mutant oncogenes, 

copy number variations (CNV), tumour suppressor gene deletions, relevant chimeric transcripts, 

and much more. In recent years, microscopic capabilities have improved to the point where 

single-molecule FISH is now achievable, thereby improving the resolution of this analysis 

technique and creating new potential applications (107,108). This information has the potential 
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to help clinicians obtain up-to-date insight into important tumourigenic mutations without the 

need for invasive metastatic biopsies or complex, expensive analyses. However, a major 

shortcoming of FISH is that it produces mainly qualitative data, as fluorescence measurements 

often simply detect the presence or absence of a given target; this leads to low sensitivities and 

limits the applicability of results. Furthermore, due to the a priori knowledge requirement of 

probe design, CTC FISH analyses are not well suited for novel biomarker discovery. Although 

the limitations of CTC FISH analysis have prevented it from being associated with any major 

breakthroughs in the field of liquid biopsy research, it represents a relatively simple method of 

non-invasive CTC biomarker monitoring. 

Due to its ability to detect genomic alterations, many FISH experiments have been 

performed in prostate CTCs as a way to monitor various aspects of the AR signalling pathway. 

Using fluorescent probes designed to target the AR gene, several groups have reported amplified 

copy numbers in the CTCs of approximately 60% of CRPC patients, with relatively high inter-

/intrapatient heterogeneity (109–111). A similar experiment showed that a variety of mutant AR 

genotypes are detectable in the CTCs of CRPC patients, some which have cited associations with 

resistance to therapies targeting the androgen axis (112). Since various isoforms of the androgen 

receptor can be targeted by specific therapies, experiments such as this, which monitor AR-gene 

status, demonstrate how CTC liquid biopsies could help dictate treatment options.  

FISH experiments have also been used to detect copy number amplifications of the MYC 

oncogene and deletions of the PTEN tumour suppressor gene in the CTCs of CRPC patients. 

These results were concordant with those of primary tumour tissue, once again demonstrating the 

relevance of information obtained by this non-invasive biopsy method (110,111,113,114).  
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Aside from monitoring CNVs, mutations, and deletions, researchers have also used CTC 

FISH analysis to monitor CRPC patients for the presence of the TMPRSS2-ERG translocation 

genotype— a fusion event between the androgen-responsive TMPRSS2 promoter and the ETS 

family oncogene which occurs in 30-70% of treatment naïve prostate cancer tumours (111). 

Taken together, these experiments demonstrate the promise of CTC FISH analysis as a 

simplistic, cost-effective method for non-invasive monitoring of relevant genomic prostate 

cancer biomarkers.  

 

1.3.2.2 Protein Immunofluorescence 

Similar to FISH, protein-based immunofluorescence experiments represent another 

avenue for relatively simple, yet potentially illuminating, CTC analysis. Many of these 

experiments use fluorescently labeled antibodies to target proteins that play significant roles in 

oncogenic processes. In doing so, researchers are able to gain insight into the expression and 

localization of proteins of interest within CTCs. Again, such analyses are hindered by a priori 

knowledge requirements, as antibodies must be selected for potentially relevant proteins, but 

they are able to efficiently monitor current phenotypes of tumourigenic pathways within CTCs. 

Furthermore, protein-based immunofluorescence experiments consist of relatively simple and 

affordable procedures that can be combined with immunofluorescence-based CTC detection 

steps commonly used for many enrichment devices. Therefore, protein-based CTC analyses 

exhibit high potential due to their simplicity, affordability, and applicability with a wide variety 

of enrichment/detection techniques.  

Regardless of simplicity, protein-based immunofluorescence analyses of CTCs have 

revealed several exciting, and potentially clinically useful findings. In 2012, Miyamoto et al. 
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collected prostate cancer CTCs using the herringbone CTC-Chip, and performed on-chip 

immunofluorescence using monoclonal antibodies targeting PSA and PSMA (27). The genes of 

these two proteins are positively and negatively regulated by the androgen-receptor, respectively, 

and thus, were used as a means to monitor AR activation in response to traditional prostate 

cancer therapies (115,116). The results showed that prior to androgen deprivation therapy 

(ADT), nearly all patients’ CTCs showed the “AR-on” phenotype (ie. PSA+/PSMA-), whereas 

following 1 month of ADT these patients’ CTCs transformed almost entirely to the “AR-off” 

phenotype (PSA-/PSMA+). The same experiment in CRPC patients found significant intrapatient 

and interpatient heterogeneity in AR activation, with approximately 52% of patients showing the 

“AR-off” phenotype. Additional results showed that increased proportions of “AR-off” and “AR-

mixed” (ie. PSA+/PSMA+) CTCs was predictive of lower survival following treatment with the 

androgen synthesis inhibitor abiraterone (27). These results show the potential for androgen-

receptor-targeted CTC immunofluorescence as a means of monitoring prognosis in prostate 

cancer patients.  

Another interesting protein-based CTC analysis was performed by Darshan et al., who 

used anti-androgen-receptor monoclonal antibodies to monitor the cellular location of the 

androgen-receptor in response to taxane treatment (30). Taxanes—a family of drugs commonly 

used as a chemotherapeutic agent for prostate cancer—bind β-tubulin and stabilize microtubules, 

causing proliferative cells to undergo apoptosis (117). Through their immunofluorescence 

experiments, Darshan et al. were able to show a significant correlation between cytoplasmic 

sequestration of androgen receptor and clinical response to taxane therapy (30). Taken together, 

these results indicate the potential use for protein-based CTC immunofluorescence assays as a 

means for prognosis and treatment response predictions in prostate cancer.  
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1.3.2.3 Reverse-Transcription Polymerase Chain Reaction 

Although immunofluorescence-based experiments can be useful for certain analyses, 

RNA-based analyses such as RT-PCR can enable heightened detection sensitivity and precision 

of known CTC biomarkers. Similar to immunofluorescence-based analyses, RT-PCR requires a 

priori knowledge of a transcript of interest, as oligonucleotide primers are needed to target a 

specific transcript for analysis. Upon conversion of RNA transcripts into complementary DNA 

(cDNA) by a reverse transcriptase enzyme, cDNA is amplified to observable levels through 

PCR. In doing so, RT-PCR is capable of detecting the presence of a transcript of interest even if 

it is undetectable by FISH-based analysis techniques. As mentioned above, many CTC 

enrichment devices result in relatively impure samples of CTCs, so the increased sensitivity of 

RT-PCR can help researchers detect the expression of tumour-specific transcripts regardless of 

sample purity. To do so, researchers can simply perform bulk lysis of an enriched CTC sample 

followed by RT-PCR, rendering this technique a useful downstream analysis for a wide variety 

of enrichment devices (66). Furthermore, this improved sensitivity means RT-PCR is compatible 

with enrichment strategies that result in fixed cells, as single-cell isolation of CTCs is not 

required for these analyses. For these reasons, RT-PCR has shown significant promise as a 

downstream molecular analysis technique for CTCs and has resulted in some exciting and 

potentially clinically relevant findings.  

Due to the increased sensitivity and reliability of RT-PCR, many FISH-based CTC 

transcriptome analyses have been repeated using this technique. For example, liquid biopsy 

researchers have used RT-PCR on metastatic prostate cancer CTCs to detect the presence of the 

TMPRSS2-ERG chimeric transcript, and to test its potential as a therapeutic biomarker (118,119). 
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While these experiments present an additional technique by which to monitor known CTC 

biomarkers, they have not yet shown very high clinical utility.  

More promisingly, RT-PCR-based CTC analyses investigating the AR-V7 splice 

variant— a variant of the AR transcript that lacks the ligand binding domain, resulting in a 

constitutively active androgen-receptor—have led to some very exciting results (120,121). Since 

the androgen-receptor isoform encoded by the AR-V7 splice variant is constitutively active in the 

absence of androgen, it has been postulated that the detection of AR-V7 in CTCs would be 

associated with resistance to androgen-axis-targeted therapies, such as enzalutamide and 

abiraterone. To test this hypothesis, a group used the AdnaTest for CTC enrichment combined 

with bulk quantitative RT-PCR to analyze AR-V7 status in the CTCs of 62 CRPC patients 

initiating enzalutamide or abiraterone treatment. Their results showed that AR-V7 positive 

patients treated with enzalutamide or abiraterone had shorter PSA progression-free survival, 

shorter clinical or radiographic progression-free survival, and shorter overall survival (28).  

Another paper from the same group, authored by Steinestel et al., built upon this idea by 

detecting the presence of AR-V7 as well as AR gene mutations in CTCs of PSA-progressed 

prostate cancer patients. This experiment analyzed 47 prostate cancer patients—51% of which 

had CTCs harboring AR-modifications—and estimated a positive predictive value of CTC AR-

status for therapeutic response of nearly 94%. They postulated an effect size of 33% based on 

their selection of patients for their clinical trial. Most recently, this group expanded upon their 

work and analyzed 202 patients with CRPC commencing abiraterone/enzalutamide treatment and 

monitored the prognostic values of CTC detection combined with AR-V7 detection. They found 

that outcomes were best for CTC-negative patients, intermediate for CTC-positive/AR-V7-

negative patients, and worst for CTC-positive/AR-V7-positive patients (29). Therefore, analyzing 
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CTCs using RT-PCR appears to have the ability to determine which patients will respond to 

androgen-axis-directed therapies prior to administration of treatment; these findings represent 

one of the primary examples of the potential for CTC analysis in personalized medicine.  

 

1.3.3 Single-Cell Sequencing 

Although immunofluorescence and RT-PCR experiments have shown significant promise 

as tools for liquid biopsy analysis, the next frontier for CTC analysis is clearly next-generation 

sequencing (NGS). Unlike these other methods, NGS does not require a priori knowledge of 

potentially relevant genes/pathways and therefore has the ability to discover truly novel 

biomarkers. Due to the rarity of these cells, performing NGS methods on CTCs was infeasible 

until recently, when technological advances allowed for better isolation of pure samples 

(101,122). These isolation techniques include micromanipulation, microfluidics, and laser 

capture microdissection, and generally involve expensive, highly specific instruments that are 

not widely available in labs (101,122). As prices continue to fall for commercial CTC 

enrichment/detection/isolation platforms such as the AccuCyte CyteFinder, this should allow 

more labs to perform these analyses (84,85,87). Another issue arising from the rarity of CTCs, 

which previously added to the infeasibility of NGS analyses, is the miniscule amount of starting 

genomic/transcriptomic material. Since there are often <10 CTCs per 7.5 mL of metastatic 

cancer patient blood, traditional bulk NGS library preparation methods, which sometimes require 

~1 μg of starting material, are not applicable for CTC analysis (101,122). For this reason, single-

cell sequencing methods are required in order to deal with picogram input levels. Single-cell 

sequencing also allows researchers to analyze CTC heterogeneity and clonal evolution, thereby 

exhibiting extraordinary potential as an analysis method for cancer research (101). To date, 
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several different single-cell sequencing methods have been used on CTCs that have led to further 

classification of these unique cells and potentially clinically relevant discoveries.  

 

1.3.3.1 Single-Cell Whole-Genome Sequencing 

One of the primary single-cell sequencing methodologies that has been used on CTCs is 

whole-genome sequencing (WGS). The goal of WGS is to accurately sequence the entire length 

of the genome, thereby allowing for untargeted mutational analyses of CTCs. As mentioned 

above, the main challenge when attempting to perform single-cell genomics is dealing with 

picrogram input levels of genomic material. In order to address this issue, the majority of single-

cell sequencing strategies require an initial whole-genome amplification (WGA) step.  

One of the first WGA techniques—degenerate oligonucleotide primed PCR (DOP-

PCR)—uses degenerate primers capable of annealing randomly throughout the genome via 

degenerate base pairing. Following primer annealing, the genome is amplified by several rounds 

of PCR using thermostable polymerases (123,124). This methodology causes DOP-PCR to have 

several limitations. Degenerate priming naturally results in selection biases towards specific loci 

due to variable primer annealing and PCR efficiencies; this results in poor coverage and allelic 

dropout in amplified genomes. Furthermore, the thermostable polymerases used in DOP-PCR are 

relatively error prone and result in high mutational rates during exponential amplification (125).  

Isothermal amplification was developed to improve amplification bias problems arising 

from PCR, and the most common of these techniques is multiple displacement amplification 

(MDA). This WGA method consists of an isothermal primer annealing step using random 

hexamer primers followed by extension via the high-fidelity Ф29 polymerase; this enzyme 

results in much lower error rates than traditional thermostable polymerases. During extension, 
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this polymerase performs strand-displacement to allow primers to re-anneal and continue 

amplification (126,127). However, this method of WGA suffers from the issue that loci that are 

amplified first become overrepresented; this generally results in low uniformity of amplified 

genomes.  

To overcome the deficiencies of DOP-PCR and MDA, hybrid methods have been devised 

to harness the benefits of each WGA technique. An example of such a method is displacement 

DOP-PCR—more commonly referred to as PicoPlex—which uses degenerate primers to anneal 

throughout the genome while adding a common sequence. This sequence can then be targeted by 

primers during subsequent PCR cycles, thereby theoretically standardizing amplification 

efficiencies (128).  

Similarly, multiple annealing and looping-based amplification cycles (MALBAC) uses 

random primers that add a common sequence, followed by extension to create semiamplicons of 

variable length. Next, a melting step takes place where the semiamplicons are removed from the 

template by heating to 94 °C. After further pre-amplification, the semiamplicons obtain 

complementary ends and form loops as the temperature is lowered to 58 °C, thereby preventing 

any additional amplification. Following five rounds of pre-amplification, exponential 

amplification via PCR takes place in order to generate an appropriate amount of genomic 

material for sequencing. Once again, this methodology helps standardize PCR efficiencies and 

limit pre-amplification biases (129).  

As of now, the most commonly used WGA methods are isothermal and hybrid 

amplification, and they exhibit increased functionality for separate genomic experiments. For 

example, MALBAC has been shown to be more adept at detecting CNVs, while MDA has been 

shown to exhibit higher somatic single-nucleotide variant (SSNV) detection rates (126,130). 
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These WGA techniques have allowed researchers to perform single-cell WGS in CTCs, which 

has led to exciting findings in the field of liquid biopsy research. As single-cell genome 

sequencing has entered the field of CTC research, some exciting discoveries have been made. 

One of the major examples of single-cell genome sequencing on CTCs was published by Lohr et 

al. in 2014. The authors used the Illumina MagSweeper to enrich for epithelial-derived cells 

from the whole blood of 36 CRPC patients, and then isolated individual EpCAM+/CD45- CTCs 

through robotic micromanipulation. WGA was performed via MDA in order to obtain sufficient 

genomic material for sequencing. Upon construction of single-cell sequencing libraries, the 

authors first performed low pass WGS as a quality control step; this ensured that the protocol 

was cost efficient by preventing poor quality libraries from being sequenced deeply in 

subsequent analyses. Next, whole-exome sequencing (WES) was performed by enriching for 

exomic sequences in libraries that had surpassed a specific quality threshold. In order to 

overcome poor coverage and high allelic drop out rates, the authors pooled individual CTC 

libraries from the same patient together and were able to accurately detect SSNVs that occurred 

in multiple cells. Using this method, the authors showed that 70% of CTC mutations (51/73) 

were also present in primary tumour tissue from the same patient, thereby establishing the 

potential for CTC single-cell genomics in the clinic (31).  

In a similar manner, another group used single-cell WGS to compare SSNV signatures 

from a CRPC patient’s CTCs with signatures from the same patient’s primary and metastatic 

tumour tissue. This group enriched for CTCs using the NanoVelcro Chip, isolated CTCs using 

laser capture microdissection, and performed WGA via MDA. Using this protocol, the authors 

showed that 86% of clonal mutations identified in the CTCs were present in either the primary or 

metastatic tumours (32).  
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Together, these findings suggest that genomic analyses of CTCs allow accurate 

representations of current tumour genotypes and clonal subpopulations; this solidifies the basis 

of CTC analysis as a non-invasive biopsy method in the clinical setting. In order to further 

advance the field, additional serial analyses must be done over the course of treatment 

administration to investigate novel correlations between genotype and treatment outcome.  

 

1.3.3.2 Single-Cell RNA-Sequencing 

Another commonly used NGS-based CTC analysis methodology is single-cell RNA 

sequencing (scRNA-seq). Similar to WGS, early iterations of bulk RNA-seq protocols require 

millions of cells and approximately 1 μg of total RNA, and therefore were incompatible with 

CTC research (131). However, in recent years many protocols have been developed to overcome 

the issue of low transcriptomic input, thereby allowing the rapid growth of scRNA-seq analyses. 

The first step in all scRNA-seq protocols is first-strand cDNA synthesis via reverse transcription, 

where mRNA transcripts are often targeted by poly-dT RT primers containing PCR primer 

sequences and unique barcodes for downstream multiplexing. Several mechanisms have been 

devised to achieve subsequent second-strand synthesis. One such method, poly-A tailing, adds 

poly-A tails to the 3’ ends of first-strand cDNAs and performs second-strand synthesis by adding 

another poly-dT primer containing the PCR primer sequence; this prepares the cDNA for 

amplification (132). Another common second-strand synthesis method, template-switching, 

relies on the unique terminal transferase functionality of the Moloney murine leukemia (M-

MLV) reverse transcriptase, which adds 2-5 untemplated nucleotides to the 3’ end of the cDNA 

when it reaches the 5’ end of the template RNA. These terminal nucleotides can then act as an 

anchor point for a template switching oligonucleotide (TSO)—an oligo containing a 
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complimentary sequence to the untemplated nucleotides connected to a PCR primer. The M-

MLV enzyme then completes cDNA synthesis to the 5’ end of the TSO, thereby creating a new 

template which can be amplified through PCR (133–136). Template switching is now considered 

a superior method because it allows for complete transcript coverage by eliminating incomplete 

reverse transcription that causes 3’ coverage biases. In the final step of most scRNA-seq library 

preparation protocols, cDNA is run through limited numbers of PCR cycles in order to amplify 

the sample to detectable levels; this step can lead to amplification bias which prevents accurate 

quantitative analyses. In order to overcome this deficiency, Islam et al. devised a way to use 

unique molecular identifiers (UMIs) to tag transcripts prior to amplification, thereby allowing for 

the measurement of absolute values of transcripts rather than reads per million (137). Therefore, 

advancements in scRNA-seq protocols have allowed researchers to accurately analyze 

transcriptomes of rare cells, and for this reason, has become an important area of CTC research.  

Modern scRNA-seq methodologies have opened up another way in which to analyze 

CTCs and search for additional clinical utilities of liquid biopsies. While limited scRNA-seq 

research has been done in prostate CTCs, the studies that have been done have provided exciting 

results. For example, Ting et al. performed scRNA-seq on prostate CTCs that had been captured 

using the CTC-iChip and showed that they highly express extracellular matrix (ECM) genes. 

These results were corroborated in pancreatic and breast CTCs, and are consistent with the fact 

that ECM genes have been implicated in priming tumour cells for metastatic sites (138,139).  

More interestingly, Miyamoto et al. performed scRNA-seq on prostate CTCs and 

investigated methods of drug resistance. The authors collected CTCs from 18 metastatic prostate 

cancer patients using the CTC-iChip and performed single-cell RNA-seq. In doing so, the group 

showed that there is significant intrapatient/interpatient CTC expression profile heterogeneity; 
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this was apparent when monitoring for AR mutation and splice-variant signatures. Furthermore, 

data from a group of patients that had been treated with, and become resistant to, enzalutamide 

was compared with data from enzalutamide-naïve patients. This analysis showed that the 

noncanonical Wnt signalling pathway was significantly enriched in enzalutamide-resistant 

patients, thereby implicating this pathway in antiandrogen resistance; results were confirmed in 

vitro (140). These findings were consistent with a separate study which used scRNA-seq on 

pancreatic CTCs and implicated the WNT signalling pathway in metastasis (33).  

In all, these findings suggests a possible role for CTC scRNA-seq in the clinic, by 

potentially allowing doctors to prognosticate the metastatic potential of a tumour or even predict 

treatment outcomes before commencement of a therapy. In order for this to come to fruition, 

further scRNA-seq analyses must be done on CTCs to find new biomarkers and correlate them to 

prognosis and treatment outcomes.  

 

1.3.3.3 Single-Cell miRNA Sequencing 

 An example of a next-generation sequencing method that has not yet been applied to 

CTC research is single-cell miRNA sequencing. miRNAs were first discovered in C. elegans 

mutagenesis screens that showed the presence of a short, non-coding RNA, lin-4, which was 

capable of regulating the translation of key developmental proteins (141–143). Since this 

landmark discovery, there has been significant interest into the biological and clinical 

significance of miRNAs. Until recently, the main methods of analyzing miRNA expression was 

via FISH and RT-PCR and, using such experiments, several miRNAs have been shown to play 

oncogenic or tumour suppressor roles in prostate cancer. For example, miR-21 has been shown 

to regulate vascular proliferation and tumour invasiveness in prostate cancer, and its expression 
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is correlated with biochemical recurrence, castration resistance and metastatic phenotypes 

(144,145). miR-125b—a miRNA species highly expressed in prostate cancer (146,147)—has 

been shown to negatively regulate tumour suppressor genes, leading to increased proliferation 

and inhibition of apoptosis (146,148,149). Conversely, miR-145 and miR-224 have been shown 

to be downregulated in prostate cancer, as they normally function as tumour suppressor miRNAs 

inhibiting cell invasion and migration (150–153). Therefore, miRNAs have been shown to play 

key roles in tumour progression and, for this reason, exhibit exciting potential as clinically 

relevant biomarkers.  

 While the role of miRNAs in cancer has been well described, much less is known about 

miRNAs in CTCs. In order to further investigate the role of miRNAs in tumour progression and 

determine additional clinically relevant correlations, next-generation miRNA-sequencing 

technologies must be applied to liquid biopsy research. Advances in this direction have recently 

been made by Faridani et al., who published a protocol for single-cell small-RNA sequencing 

(154), although there remained significant challenges in library construction efficiency. Thus, 

single-cell miRNA sequencing represents an untapped area of CTC research that may lead to 

exciting biomarker discoveries and/or clinical applications.  

 

1.3.4 Summary 

 Over the past decade, the field of CTC liquid biopsy research has experienced sustained 

growth by consistently taking advantage of state-of-the-art analysis techniques. What began with 

enumeration and basic immunofluorescence has now become one of the most high-potential 

applications of single-cell sequencing. By using this wide variety of analysis techniques, 

researchers have already developed several exciting potential clinical utilities for CTCs. 
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Enumeration has been cleared by the FDA for prognostic uses in metastatic prostate cancer 

patients (67,102). Immunofluorescence has shown promise as a method for monitoring cellular 

localization of the androgen receptor, which appears to have clinical implications with respect to 

taxane therapy outcome-predictions (27). Detecting the presence of the AR-V7 splice variant 

using RT-PCR has shown immense potential for predicting responses to anti-androgen therapies 

(28,29). Finally, single-cell sequencing—whether it be genomic or transcriptomic—is being used 

to investigate potential novel biomarkers which may one day be used in the clinic (31–33,140). 

What becomes clear when reviewing these exciting findings is that the field of CTC research 

must continue to operate at the forefront of molecular analysis. As new and improved methods 

for single-cell analysis arise, such as single-cell miRNA sequencing, researchers must implement 

these tools into CTC research. In doing so, it is possible that CTC liquid biopsies eventually 

become a standard clinical practice for obtaining early diagnosis, determining prognosis, 

monitoring tumour burden, predicting treatment outcomes, and guiding therapies.  

 

1.4 Research Statement 

 The goal of this thesis is to develop a novel, integrated method for single-cell miRNA 

sequencing of CTCs in prostate cancer patients. This is intended to exhibit feasibility and utility 

for the clinical setting, and help progress the field of liquid biopsy research by demonstrating a 

novel analysis method.  

The goals of this project are: 

1. Develop an integrated CTC enrichment/detection method by combining negative 

selection, high-throughput fluorescent imaging, and micropipette-based 

micromanipulation from an open microwell format. 
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2. Modify an existing single-cell miRNA library prep protocol for compatibility with the 

open microwell format.  

3. Generate sequencing data, and use bioinformatic analysis techniques to search for 

correlations with patient data.  
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Chapter 2: CTC Enrichment 

 

 The first technical challenge that my project had to overcome was devising a way to 

enrich CTCs from whole-blood with high efficiency. Our general plan was to combine a negative 

selection-based pre-enrichment step with high-throughput fluorescent imaging and subsequent 

micromanipulation. To integrate the various aspects of our protocol, we used a semi-automated 

robotic platform that had been previously designed by Marijn van Loenhout, called the PReMiSe 

(Pipette Recovery and Microscopy for Sequencing) platform. For negative selection, we planned 

to use the RosetteSep™ kit from STEMCELL™ Technologies to remove all red blood cells 

(RBCs) and other unwanted hematopoietic cells from the sample. The resulting sample would be 

treated with anti-EpCAM and anti-CD45 antibodies and loaded onto a microwell chip, which 

would be scanned via high-throughput fluorescent microscopy to detect CTCs based on 

EpCAM/CD45 expression signatures. Following CTC detection, the micromanipulation 

functionality of the PReMiSe platform would be used to individually isolate these cells in a 

separate microwell chip for subsequent analysis (Figure 2.1). Designing this workflow required 

precise optimization at nearly every step, which this chapter will describe in detail.  



41 

 

 

Figure 2.1 Overview of the protocol workflow. The entire protocol can be broken down into distinct steps that 

required design, optimization, and verification. These steps included pre-enrichment negative selection, cell loading, 

fluorescent screening, robotic micromanipulation, library prep, and sequencing.  

 

2.1 Materials  

2.1.1 The PReMiSe Platform 

 As mentioned above, in order to integrate the different steps of our protocol, we used a 

semi-automated robotic system, the PReMiSe platform. PReMiSe combines high-throughput 

microscopy with micromanipulation and reagent dispensing capabilities. Its microscopy 

functionality allows for the visual tracking of rare cells and high-throughput fluorescent 

detection of CTCs. Additionally, it has a microfluidic flow-controlled robotic micropipette that 

can gently micromanipulate cells; this capability is required for efficient single-cell isolation. 

Lastly, the same micropipette can be used for nanolitre volume reagent dispensing steps required 

for single-cell library preparation protocols (Figure 2.2).  
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 While the PReMiSe platform was largely in place before the start of this research project, 

it needed to be optimized for our experiments. To do so, LabView scripts were written to 

implement our protocol. This included programs for single-cell aspiration, single-cell dispensing, 

reagent dispensing, and micropipette washing. Furthermore, settings for high-throughput 

microscopy were tested and optimized to discriminate between CTCs and PBMCs based on 

immunofluorescence.  

 

Figure 2.2 The PReMiSe Platform. The PReMiSe (Pipette Recovery and Microscopy for Sequencing) Platform is 

a semi-automated robotic device that allows for the visual tracking of rare cells, immunofluorescence, 

micromanipulation, and reagent dispensing. The pipette stage and microwell chip stage allow precise control of the 

glass micropipette along the vertical axis and the horizontal plane, respectively. The microfluidic flow-controller 

allows for gentle micromanipulation and precise reagent dispensing at nanolitre volumes. The microwell chip bed 

holds the microwell chip in place throughout analysis. The microscope enables the visual tracking of rare cells, 

while the mercury lamp filters can be used for immunofluorescence-based CTC detection.  
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2.1.2 Detection Chip Design and Optimization 

 To support CTC isolation, we designed and optimized a microwell detection chip. The 

chip was designed to allow cells to naturally settle into individual microwells where they could 

be rapidly analyzed by the PReMiSe platform’s high-throughput fluorescent scanning 

functionality. Our chips were designed using polydimethylsiloxane (PDMS) coated over a glass 

slide; the transparency of these materials allowed for immunofluorescence experiments once the 

cells had settled in the wells. Our initial design contained 147,456 square microwells, separated 

into 12 × 12 arrays with dimensions of 600 μm × 600 μm (1024 total arrays, aligned 32 × 32 on 

the chip). The dimensions of each microwell was 30 μm × 30 μm with a depth of 45 μm. The 

microwells were separated by ~22 μm in each direction within the array; arrays were separated 

by ~60 μm in each direction. Surrounding the entire chip was a square PDMS barrier, designed 

to allow for the adding of ~4 mL of media or wash solution to the chips (Figure 2.3).  

 We tested the original design by observing how K562 cells—a human BCR/ABL-positive 

cell line derived from a patient with chronic myeloid leukemia in blast crisis (155)—settled into 

the wells. Initial trials resulted in a large proportion of cells settling on the chip surface between 

wells. For this reason, we added a “wiggle” function to the PReMiSe platform, which gently 

shook the microwell chip stage to help cells fall into microwells. A separate issue that was 

revealed from these initial tests was that a significant proportion of cells ended up settling 

outside the total array of wells. To fix this problem, we designed a thin piece of PDMS to 

surround the well array that functioned to contain cells within the array as they settled (Figure 

2.3). Upon settling, ~4 mL of media or wash solution could be added to, or removed from, the 

chip without disrupting the cells. 
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Figure 2.3 Detection chip design. The detection microwell chip consisted of 147,456 microwells designed to allow 

single cells to settle into individual wells. The inner PDMS barrier (see left) was designed to contain cells within in 

the microwell array while they settled. The outer PDMS barrier (see left) allowed for ~4 mL of buffer and/or 

washing solution to be added to the chip. The microwell array consisted of a 32 × 32 array of subarrays, each of 

which were composed of 12 × 12 microwells (see right). The dimensions of each individual microwell were 30 μm 

× 30 μm × 30 μm.  

 

2.2 Methods 

 Once we established cell manipulation capabilities on the PReMiSe platform 

functionalities, we proceeded to the optimization of the CTC isolation and analysis protocol. As 

mentioned above, our CTC enrichment protocol could be broken down into three key stages: 

negative selection, high-throughput microscopy, and micromanipulation.  

 

2.2.1 Negative Selection 

 To develop our enrichment protocol, the first step was to optimize RosetteSep™ negative 

selection for our specific workflow, and generate rough estimates of cell recovery rates. For our 

first trials, we spiked K562 cells and 1000 LNCaP—a cell line established from a metastatic 

lesion of human prostate adenocarcinoma (156)—cells into Dulbecco’s phosphate buffered 

saline (DPBS) containing 2% fetal bovine serum (FBS) and 4 mM EDTA. The resulting mixture 

was layered on top of Lymphoprep™ density gradient medium, and centrifuged at 1200 g for 20 
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minutes. Following centrifugation, the solution lying just above the Lymphoprep™ layer was 

collected, transferred into a 1.5 mL Eppendorf tube, washed twice with DPBS, and then treated 

with anti-EpCAM and anti-CD45 antibodies for subsequent immunofluorescence-based 

counting. The resulting solution was transferred onto a detection microwell chip, allowed to 

settle, and was then loaded onto the PReMiSe platform for immunofluorescence-based cell 

counting. Epithelial-derived cancer cells (ie. LNCaP cells) were counted using a semi-automated 

algorithm to detect cells exhibiting EpCAM+/CD45- expression patterns.  

During initial experiments using this protocol, we calculated a recovery rate of 64 ± 5% 

(an average of ~642/1000 LNCaP cells recovered). However, our actual recovery rate was likely 

higher, because LNCaP cells formed large aggregations during centrifugation which led to cell-

counting problems. Also, it appeared that depletion of non-epithelial cells (ie. K562 cells) was 

functioning well. In order to improve negative selection recovery rates, we tested recovery from 

different layers above the Lymphoprep™. We also optimized the volume of liquid to collect, 

eliminated unneeded wash steps, and altered the protocol to allow all wash steps to take place in 

the same 15 mL Falcon tube. 

 

2.2.2 High-Throughput Microscopy 

 We then focused on fine-tuning the high-throughput microscopy parameters for this 

specific experiment. The overall experimental goal for this section was to rapidly scan the well 

arrays of the detection microwell chip using PReMiSe’s segmentation algorithms, and 

automatically determine which cells were CTCs and PBMCs, respectively. This would be done 

by rapidly taking three images for each well array: one bright-field image, one image with 488 

nm light, and one image with 594 nm light. The bright-field image would allow us to manually 
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inspect basic characteristics of the cell, and determine whether it was a contaminant or a true 

cell. The 488 nm and 594 nm images would be used to stimulate immunofluorescent CD45 and 

EpCAM antibodies, respectively, in order to determine the antigen-expression patterns of each 

cell. After scanning the detection chip in this fashion, the image-processing algorithms of 

PReMiSe would segment images to display individual microwells and then measure the 

fluorescence occurring in each microwell at the two wavelengths. Using this plot, we would be 

able to select only the wells containing cells that expressed EpCAM+/CD45- patterns, and return 

to these cells for further inspection and subsequent micromanipulation (Figure 2.4) 

 
 

Figure 2.4 High-throughput microscopy. CTC detection using PReMiSe’s cell-detection algorithms. Cells 

expressing EpCAM+/CD45- patterns could be selected for subsequent analysis (see left). PReMiSe would return to 

these wells for manual verification of bright-field image. CTCs and PBMCs were detected based on antigen 

expression patterns (see right).  

 

Early high-throughput microscopy trials using K562 and LNCaP cells revealed several 

areas requiring further optimization. First, excess unbound fluorescent antibodies caused far too 

much background fluorescence after loading the negatively-selected samples onto the detection 

chip, thereby preventing PReMiSe’s algorithms from accurately predicting cell-type. To address 

this issue, we added two 10 mL wash steps following antibody staining—this drastically reduced 

background fluorescence and allowed the detection algorithms to function better. Additionally, 
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we noticed there was a significant amount of cross-staining occurring, as K562 cells fluoresced 

slightly in 594 nm light even though they do not express EpCAM. This problem was solved by 

incubating negatively-selected cell samples with 5 μL of Human TruStain FcX™ (Fc Receptor 

Blocking Solution) for 10 minutes prior to antibody staining. Other factors that required 

optimization were the exposure time, gain, and focal plane during high-throughput microscopy; 

each of these variables were fine-tuned for each wavelength independently in order to most 

accurately predict antigen expression patterns.  

 

2.2.3 Micromanipulation 

 After successfully fine-tuning high-throughput imaging, we optimized the subsequent 

micromanipulation steps that would be necessary for cell isolation. We used the micropipette-

based micromanipulation functionality of the PReMiSe platform to gently aspirate cells from a 

given microwell, transport the cells to a separate chip, and dispense them in individual 

microwells. The main challenge that arose during early micromanipulation trials was due to cell 

adhesion. Once the cells settled into the wells of the detection microwell chip, they often adhered 

to the PDMS surface of the chip, rendering them extremely difficult to aspirate. To fix this 

problem, we began soaking the chips in ~500 μL of 1% Pluronic® F-127 for ~20 minutes to 

passivate the chip surface prior to the addition of cells. Pluronics are PEO-based triblock 

polymers that have been shown to prevent protein adsorption and cell attachment to PDMS 

(157–159); they are commonly used in biotechnological applications due to their extremely low 

toxicity and immunogenic response (159). This passivation step ensured that cells could be easily 

aspirated using the micropipette of the PReMiSe platform.  
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Another micromanipulation issue arose after cells had been successfully aspirated into 

the micropipette. Occasionally, cells would lyse in the micropipette, likely due to osmotic forces 

pulling water into the cells as they became surrounded by decreased solute concentrations. 

Additionally, cells would often adhere to the inner surface of the micropipette and prevent them 

from being dispensed properly. In order to address these issues, we added 0.05% Pluronic® F-

68—another Pluronic polymer with similar functionality to Pluronic F-127, but with higher 

solubility (160)—to the detection chip media and aspirated this media into the micropipette for 

approximately 30 seconds immediately prior to micromanipulation. This step allowed 

micropipette solute concentrations to be similar to the on-chip media—thereby preventing cell 

lysis—while simultaneously passivating the inner surface of the micropipette to prevent cell 

adhesion during micromanipulation.  

 

2.3 Results 

 Using our optimized CTC enrichment pipeline, we performed several experiments in 

order to measure the efficacy of our methods. These included healthy blood spike-in 

experiments, CTC enrichment trials with metastatic patient blood samples, and direct 

comparisons to CellSearch® count values. Performing these experiments exposed additional 

unforeseen problems that helped us further refine our protocol.  

 

2.3.1 Spike-In Experiments 

 To estimate recovery rates when dealing with blood samples, we collected blood from 

healthy individuals in 2 BD Vacutainer® K2 EDTA (K2E) Plus Blood Collection Tubes, ~5mL 

per tube, and spiked in 1000 DU145 cells; this prostate cancer cell line exhibited decreased cell-
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cell adhesion, and thus, we expected more accurate recovery rate calculations than when dealing 

with LNCaP. The samples were run through the standard RosetteSep™ enrichment protocol, 

where blood is treated with the RosetteSep™ CTC Enrichment Cocktail Containing Anti-CD36 

from STEMCELL™ Technologies; this reagent consists of tetrameric antibodies that crosslink 

all unwanted cells together, thereby causing them to pellet out in subsequent steps. After 

crosslinking, samples were run through the same pipeline as described above. Using our 

optimized enrichment protocol, we calculated an average recovery rate of 77 ± 8% (an average 

of ~773/1000 DU145 cells recovered). These results indicated that our protocol was working 

well and we were ready to collect patient blood samples.  

 

2.3.2 Enriching/Detecting CTCs from Metastatic Prostate Cancer Patients 

 Upon completion of spike-in experiments, we began collecting late-stage metastatic 

prostate cancer patient blood samples from the BC Cancer Agency. Samples were processed 

using the protocol described above in order to enrich and detect for prostate cancer CTCs; this 

took approximately 4 hours, from negative selection to high-throughput scanning. In our first set 

of experimental trials, we collected blood samples from 16 metastatic prostate cancer patients 

and were able to detect and isolate CTCs from 12 of these samples (Figure 2.5). The remaining 4 

samples failed due to a common issue following centrifugation, where the layer above the 

LymphoPrep™ density gradient appeared to be significantly contaminated with RBCs. After 

further investigation, we determined this contamination was the result of fragments of RBCs that 

had lysed during centrifugation. This negatively impacted high-throughput CTC detection 

efficacy and rendered subsequent micromanipulation attempts extremely difficult. In order to 

address this issue, we decreased the acceleration and deceleration of the centrifuge, thereby 
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decreasing sheer forces acting upon the RBCs. This alteration was successful, as it prevented this 

observed behaviour from ever occurring again in patient samples.  

 
Figure 2.5 CTC Counts from initial metastatic prostate cancer patient experiments. CTC counts from 16 late-

stage metastatic patients shows significant heterogeneity between patients. A quarter (4/16) of samples either had no 

detectable CTCs or were the result of failed runs.  

 

 Another issue that arose during these initial patient samples was that samples were often 

collected late in the afternoon, which led to several late nights processing samples in the lab. The 

fatigue associated with these late-night experiments often resulted in errors, which lead to longer 

processing times and occasionally affected processing-efficacy. In order to address this problem, 

we began exchanging media on the detection microwell chip with CellCover solution (Anacyte 

Laboratories) after the cells had been loaded onto the slide and settled into the wells. This 

solution is designed to stabilize cellular RNA for up to 48 hours, and has been used in many 
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scRNA-seq experiments (161). By using CellCover to stabilize cellular miRNA, we were able to 

place the loaded detection microwell chips in a 4 °C fridge overnight and continue with high-

throughput imaging and the remainder of the protocol the following day. This alteration allowed 

for higher performance during CTC detection/micromanipulation on the second day of sample 

processing by reducing the number of human errors due to fatigue. 

 To evaluate the efficacy of our protocol, we began performing CellSearch® 

measurements in parallel with our protocol to compare our CTC count values with those of a 

clinically used method. These experiments showed that our protocol was highly effective and 

outperformed the CellSearch® system in most cases (Figure 2.6). Over the course of 6 of these 

parallel patient experiments, our protocol detected equal or greater CTC counts than CellSearch® 

approximately 67% of the time (4/6). Furthermore, in patients with <50 CTCs per 10 mL of 

blood, our method outperformed CellSearch® in 75% of patients (3/4). One of the patients had 

>2000 CTCs per 10 mL of blood, and we were able to achieve a CTC count that was 94% of the 

CellSearch® value (2174/2311). Taken together, it appears that our negative selection-based 

protocol results in improved CTC detection in patients exhibiting low-CTC counts when 

compared with CellSearch®’s positive selection methodology, likely by enabling the detection of 

additional CTC subpopulations.  
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Figure 2.6 PReMiSe CTC counts compared with CellSearch
 ®

. The PReMiSe platform detects higher CTC 

counts than Veridex CellSearch
 ®

 75% of the time on patients with <50 CTCs per 7.5mL of blood. For Patient VCC 

CTC-023, which had very high CTC counts (2311 CTCs), the PReMiSe platform detected 94% of the CellSearch
 ®

 

value.  

 

However, we identified a significant technician bias in our protocol that became evident 

after beginning to process samples following a lengthy hiatus. After approximately 2 months of 

not performing our protocol, we were unable to detect CTCs from 3 patient samples in a row 

(VCC-CTC-025, -026, -027). We attributed this to a lack of practice in the removal of the liquid 

layer containing CTCs above the LymphoPrep™. This step requires considerable dexterity and 

experience in order to determine exactly where the layer lies, and to collect it. Other potential 

sources of technician bias are the various washing steps; if one is not careful, there is a high risk 

of losing CTCs throughout this process. As mentioned above, we performed all washes and 

antibody-staining steps in one tube to reduce loss during these steps. Following this decrease in 

CTC counts, these values returned to where they were during peak performance due to increased 

practice. 
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In total, we were able to detect over 6000 CTCs from 40 late-stage metastatic prostate 

cancer patients. Out of the 40 patients, we were able to detect CTCs in ~68% (27/40) of patients. 

Of the patients where CTCs were detected, we observed a mean number of CTCs per patient of 

~226 ± 538.  

 

Figure 2.7 Distribution of CTCs detected from late-stage prostate cancer patients.  

 

2.4 Discussions 

We successfully designed a protocol for high-efficiency enrichment, detection, and 

isolation of CTCs from metastatic prostate cancer patients. Our method combined a negative 

selection-based pre-enrichment step with high-throughput imaging in order to detect a wide 

variety of CTCs in an antigen-independent manner. In doing so, we obtained blood samples from 

40 late-stage metastatic prostate cancer patients and were able to detect ~6000 CTCs. When 

functioning at peak levels, this represented a marked improvement when compared to the 

CellSearch® platform. Furthermore, our protocol used micropipette-based micromanipulation to 

successfully isolate 310 CTCs and 56 PBMCs from 16 late-stage metastatic patients for single-

cell miRNA sequencing library preparation. In all, our negative selection/high-throughput 
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imaging/micromanipulation protocol presents a highly efficient way to enrich, detect, and isolate 

CTCs, and is compatible with numerous downstream single-cell analysis techniques.  
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Chapter 3: Single-cell Sequencing Protocol and Analysis 

 

 In parallel with designing a successful CTC enrichment protocol, we devised a novel 

method for single-cell miRNA sequencing of CTCs. Our approach was based on a single-cell 

miRNA library preparation protocol previously designed and optimized by Michael 

VanInsberghe in the Hansen lab; recently, a related protocol was published by Faridani et al. in 

Nature Biotechnology (154). After library prep completion, libraries were run on the Agilent 

Bioanalyzer as a quality control step, size-selected using polyacrylamide gel electrophoresis 

(PAGE), quantified using a fluorometer or qPCR device, and finally, sequenced on an Illumina 

MiSeq (Figure 3.1). While many aspects of VanInsberghe’s protocol remained the same, we 

were required to optimize many different facets of the methodology in order to render it 

compatible with our CTC experiments.  
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Figure 3.1 Overview of the CTC analysis workflow. The CTC analysis protocol can be broken down into distinct 

steps that required design, optimization, and verification. These steps included CTC transfer using the PReMiSe 

platform, library prep using dispensing functionality of PReMiSe, quality control using the Agilent Bioanalyzer, 

PAGE size-selection, qPCR library quantification, and sequencing.  

 

 

 

3.1 Materials 

3.1.1 Microwell Library Prep Chip Design and Optimization 

In order to implement our single-cell miRNA sequencing protocol, we were first required to 

design a PDMS microwell chip that would be compatible with the PReMiSe platform and our 

proposed under-oil droplet-based microwell method. Our original library prep chips contained 

140 microwells, organized in a 14 × 10 array, each with a well diameter of 100 μm and a well 

depth of 150 μm. Surrounding the array of wells, we used plasma oxidation to attach a PDMS 

barrier that allowed for the addition of up to ~4 mL of wash media or mineral oil (Figure 3.2). 

We hoped to isolate single cells within this chip’s microwells through micromanipulation, and 
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then replace the media with mineral oil to create isolated reaction droplets to which reagents 

could be added for subsequent single-cell miRNA library prep. All of this would be performed 

using the micropipette functionality of the PReMiSe platform (Figure 3.3).  

 

Figure 3.2 Library prep chip design. The library prep microwell chip consisted of 140 microwells designed to 

hold individual CTCs and anchor reaction droplets. The PDMS barrier (see left) allowed for ~4 mL of washing 

solution or mineral oil to be added to the chip. The microwell array consisted of a 14x10 array of wells, each of 

which were composed of an inner and outer well (see right). The inner well (diameter = 100 μm) was designed to 

hold individual CTCs and a starting volume of ~2 nL of PBS. The outer well (diameter = 1000 μm)  was designed to 

anchor large reaction droplets to the chip surface while also protecting them from side-flow.  

 

 Initial experiments using this chip exposed several different issues with our initial design. 

One of the first major issues we discovered was that this design caused under-oil droplets to be 

significantly exposed to side-flow forces from moving liquid; this often resulted in larger 

droplets detaching from their microwell anchors. To fix this issue, we designed an outer well to 

surround the microwell, thereby protecting it from side-flow forces as droplet volume increased 

(Figure 3.2). While this design solved the original problem, it led to the outer wells retaining 

liquid after we removed media to prepare for under-oil reagent dispensing; this was a significant 

problem as the required starting volume for single-cell miRNA library prep was the volume of 

the inner microwell alone. To address this issue, we began preparing chips for reagent dispensing 

PDMS barrier 

Microwell array 

Glass slide 

Outer Well 

Inner Well 

1000 μm 

100 μm 
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by blotting off the outer droplets using a porous glass disk, leaving only the inner droplet (Figure 

3.3).  

In a similar vein, early experiments with our library prep chip exposed the importance of 

PDMS hydrophobicity for droplet stability. Droplets would easily detach from the microwell 

anchor if the PDMS was too hydrophobic, while they would spread along the chip surface if the 

PDMS was too hydrophilic. Ideally, we sought to promote nice, round reaction droplets in order 

to decrease droplet radii and increase reagent mixing efficiency. For this reason, optimizing the 

hydrophobicity of our library prep chip was crucial for our protocol. To do so, we tested several 

parameters and determined that plasma oxidizing the PDMS chips for 12 seconds followed by 

baking them for 2 hours at 80 °C resulted in the desired chip hydrophobicity. Plasma oxidizing 

was used as it has been shown to render hydrophobic PDMS surfaces more hydrophilic by 

introducing polar functional groups (162). Occasionally, baking times were slightly altered based 

on the PDMS batch.  
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Figure 3.3 PReMiSe single-cell miRNA library prep workflow. The diverse functionality of the PReMiSe 

platform allowed us to use this device for CTC isolation via micropipette-based micromanipulation, and precise 

reagent dispensing of nanolitre volumes.  

 

3.1.2 Reagent-Dispensing Micropipette 

 An additional issue presented itself during early attempts at under-oil reagent dispensing 

using the PReMiSe platform’s micropipette. Due to the hydrophilicity of the glass micropipette, 

under-oil reaction droplets would occasionally attach to the micropipette following reagent 

dispensing. This not only caused the obvious problem of detaching reaction droplets, but it also 

led to concern of potential well-to-well contamination via the micropipette. In order to fix this 

issue, we began designing micropipettes with hydrophobic outer surfaces by pre-soaking them in 

trichloro (1H,1H,2H,2H-perfluoro-octyl) silane (Sigma Aldrich).  

 

Transfer Cell 

Wash and Remove Liquid 

Blot and Remove Outer Droplet 

Add Reagents with 

Glass Micropipette 

2-6 nL 

Recover with p2.5 Pipette 

Lysis 

Ligation 

RT 

PCR 

80-300 nL 



60 

 

3.2 Methods 

 Once we believed we had all the requisite PReMiSe functionalities, an optimized chip 

design, and a functional reagent-dispensing micropipette, we began developing our single-cell 

miRNA sequencing protocol for CTCs. This protocol can be segmented into several key steps: 

single-cell miRNA library prep, quality control, size-selection, quantification, and sequencing. 

This subsection will provide an overview of the methods which remained the same as described 

by VanInsberghe; an in-depth description of changes we made to the single-cell miRNA library 

prep protocol will be provided in the following subsection.  

 

3.2.1 Single-Cell miRNA Library Prep 

As mentioned above, we based our method off a single-cell miRNA library preparation 

protocol that had been previously designed by Michael VanInsberghe in the Hansen Lab. 

VanInsberghe’s protocol was optimized for use in microfluidic chips and tubes, which are not 

ideal for dealing with rare, precious cells. For this reason, we were required to alter the protocol 

to render it compatible with the PReMiSe platform and a droplet-based methodology. However, 

the general library prep reactions initially remained the same. First, single cells are lysed using a 

chaotropic lysis buffer containing a consistent quantity of spike-in miRNAs. The spike-in 

miRNAs are 10 different random 22-basepair RNA sequences that do not align with either the 

human or mouse reference genomes of miRBase, and are used to monitor batch effects and 

library quality (163). The final amount of each spike-in is 5000, 500, 5, 0.5, 1000, 100, 10, 1, 0.1 

molecules/reaction, respectively. Following cell lysis, adenylated adapters are used to target the 

free hydroxyl group on the 3’ end of miRNAs, and are ligated using a truncated RNA ligase 2. 

This enzyme has been truncated so that it cannot use ATP for ligation, and instead requires pre-
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adenylated substrates; this modification prevents the formation of side products (164). 

Furthermore, this enzyme harbours a K227Q mutation that reduces enzyme lysyl adenylation, 

thereby further reducing side product formation (165). Additional adapters are then ligated to the 

5’ ends of miRNA using an RNA ligase 1, which targets the 5’ phosphate moiety. The resulting 

adapter-ligated miRNAs are then reverse-transcribed into cDNA, in the presence of an LNA-

modified “block” nucleotide designed to prevent reverse transcription of adapter-dimers 

(166),and amplified via 16 PCR cycles (Figure 3.8). To render this protocol compatible with our 

under-oil droplet mechanism, we were required to increase the volume of all reagents by 3 fold 

in order to accommodate the dispensing technique and microwell volume, which is limited by 

the construction strategy.  

 

3.2.2 Quality Control 

Upon completion of single-cell miRNA library prep, we performed a quality control step 

prior to subsequent processing. This measure was designed as a checkpoint for library prep 

success, and prevented low-quality libraries from being processed further, saving both time and 

money. Our quality control was to qualitatively measure library prep success using the Agilent 

Bioanalyzer; 1 uL of pooled libraries were analyzed using the High Sensitivity DNA kit. Trials 

were deemed successful based on the presence of a miRNA peak ~22 bases longer than the 

adapter-dimer peak; additional markers of success were the presence of heavier peaks which 

likely arose from small, nucleolar RNA (snoRNA) species based on size (Figure 3.4).  
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Figure 3.4 Quality control using the Agilent Bioanalzyer. Completed libraries were run on the Agilent 

Bioanalyzer as a method of quality control. High quality samples exhibited relatively narrow peaks with three 

distinct patterns. The adapter dimer peak indicated successful PCR amplification; the miRNA peak on the shoulder 

of the adapter dimer peak indicated successful library prep; the snoRNA provided a measure of lysis success as well 

as library quality.  

 

3.2.3 Size-Selection 

 In order to efficiently sequence our miRNA libraries, we isolated sequences of the 

desired length (~22 bases longer than adapter-dimers = 114 base-pairs) via PAGE size selection. 

To do so, we followed the Michael Smith Genome Sciences Centre protocol for miRNA Library 

Construction. This involved pooling our single-cell libraries (up to 96 indexes), running them for 

6 hours on a 12% polyacrylamide gel, cutting out the desired cDNA band, eluting it from the gel, 

and performing ethanol precipitation/purification.  

 

3.2.4 Library Quantification 

 Following size-selection of our pooled single-cell miRNA libraries, we quantified 

libraries in order to accurately load the desired concentration onto the sequencer. This was 

achieved in two ways. For early experiments, we used the Invitrogen QuBit—a fluorometric 
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DNA quantification device. After the accuracy of this device was called into question based on 

cluster densities of sequencing runs, we began quantifying libraries using qPCR via the KAPA 

Library Quantification Kit (Kapa Biosystems®). Sequencing cluster densities showed that this 

was a much more accurate quantification method, as we were able to achieve cluster densities 

closer to the calculated theoretical maximum. For both methods, 1 uL of pooled, size-selected 

library would be used for quantification. 

 

3.2.5 Sequencing 

 After quantification, libraries were diluted to 4 nM and run through Illumina’s Standard 

Normalization Method for diluting and denaturing libraries. This was performed using the MiSeq 

Reagent Kit v2; libraries were loaded onto the Illumina MiSeq at 12.5 pM and run for 50 cycles.  

 

3.2.6 Data Processing 

Raw sequencing was processed by following a previous pipeline developed by Chu et al. 

to profile miRNAs for The Cancer Genome Atlas. This protocol involves demultiplexing pools, 

trimming 3’ adapters, aligning reads to the miRBase reference genome, and annotating reads 

with genomic features (167,168). Alterations to this protocol were made by Michael 

VanInsberghe, which allowed for the identification of -5p and -3p miRNA isoforms (163). 

Following the application of this pipeline, the sequencing data was collected in a read matrix for 

each single-cell.  

 



64 

 

3.3 Results 

 After successfully integrating the various aspects of our method, we performed 

experiments to test the efficacy of our single-cell miRNA sequencing protocol. These included 

bulk cell-line experiments, single-cell cell-line experiments, and, lastly, metastatic prostate 

cancer patient CTC experiments. Performing these experiments exposed some key 

methodological flaws, which were addressed by significant alterations to the protocol; these will 

be described in detail below.  

 

3.3.1 Cell-Line Experiments 

The initial trials to test the efficacy of our protocol were bulk cell-line experiments. Since 

our protocol required 3 times the volume of the original method, we tested the effect of this 

alteration by performing bulk miRNA library prep experiments on ~1000 K562 cells in tubes. 

Based on quality control measures, it appeared that our protocol worked well for the initial bulk 

cell-line experiments.  

 To further validate our protocol, we ran trials at the single cell level using K562 and 

LNCaP cell-lines. To do so, we loaded 48 single cells—24 of each cell-line—into 48 microwells 

of a library prep chip and performed our under oil droplet-based miRNA library prep protocol on 

the PReMiSe platform. Quality control showed that the resulting libraries were of good quality, 

so we proceeded with the requisite size-selection, quantification, sequencing, and data analysis 

steps. Upon analyzing the sequencing data, we found that there was an average of 320,776 total 

reads—62% of which were aligned to miRNA using miRBase (167)—and 218 unique detected 

miRNA species per cell; these results indicated that our protocol was generating robust miRNA 
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data from single cells. Furthermore, exploratory analysis using this preliminary dataset exhibited 

the cell-classification capabilities of miRNA expression signatures (Figure 3.5). 

 
Figure 3.5 Differentially expressed genes of LNCaP and K562 cell lines. Exploratory analysis on initial single-

cell miRNA sequencing library using PReMiSe protocol. Differential gene expression analysis shows that miRNA 

signatures can act as classifiers of cell type. Analysis was performed using SC3, which combines multiple clustering 

solutions, including Euclidean, Pearson, Spearmen and k-means, into a consensus approach (169).  
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 Following this initial single-cell experiment, we ran another cell-line trial where we 

sequenced 96 single cells from 4 different prostate cancer cell lines (24 LNCaP, 24 PC3, 24 DU-

145, and 24 LN95). As part of this experiment we also tested for bias associated with the use of 

CellCover for overnight storage of isolated CTCs, comparing overnight incubation with 

processing of fresh samples. The results of this experiment demonstrated the classification ability 

of miRNA signatures, as each cell line formed nice clusters when run through the t-Distributed 

Stochastic Neighbor Embedding (t-SNE) algorithm, which is a nonlinear dimensionality 

reduction technique that is commonly used with next-generation sequencing data (170). 

Furthermore, separate t-SNE clustering analyses using only the treated/untreated LNCaP cells 

showed that CellCover exhibits no discernable effect on miRNA expression patterns, thereby 

allowing us to continue to use this reagent as a means of extending our 

enrichment/detection/isolation protocol over 2 days (Figure 3.6).  
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Figure 3.6 Prostate cancer cell line single-cell miRNA sequencing exploratory analysis. Single-cell miRNA 

sequencing run on four different prostate cell lines demonstrates the classification power of miRNA expression 

patterns. t-SNE clustering analysis shows that each cell line forms a distinct cluster (top left), and calculating the 

Pearson correlation of all cell pairs verifies this observation (top right). t-SNE clustering analysis shows that 

CellCover reagent does not have a noticeable effect on miRNA expression patterns (bottom left), and this was 

verified by Pearson correlation calculations (bottom right). Clustering distances for heat maps are Euclidean.  

 

3.3.2 Alterations to Library Prep Protocol 

 Following the success of our cell-line single-cell sequencing experiments, we began 

collecting CTCs from metastatic prostate cancer patients and running them through our complete 

protocol—from enrichment to single-cell sequencing. To start, we successfully sequenced 

miRNA in the CTCs of 4 patients. However, subsequent bioinformatic analyses of these early 
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trials exposed two major issues with our library prep protocol: RNA degradation and adapter 

dimers.  

 RNA degradation is a serious issue since degradation products can act as targets for the 

adapter ligation steps of our miRNA library prep method. This presents a significant problem, as 

it can lead to a subset of ligated degradation products contaminating completed sequencing 

libraries, thereby reducing the achievable proportion of sequenced miRNA reads. A major issue 

with RNA degradation is that it cannot be accurately assessed using our quality control method 

prior to sequencing; Bioanalyzer plots of samples with high degrees of degradation show slightly 

wider peaks, however the difference is subtle and difficult to quantify (Figure 3.7). By analyzing 

sequencing data from our early trials, we determined that the proportion of RNA degradation 

products was consistently over 20%, which led to drastically reduced miRNA reads. This 

analysis was done by aligning non-miRNA reads to common RNA degradation products, such as 

ribosomal RNA segments. We postulated that this was due to RNase contamination of our 

library prep reagents, so we tested each reagent using the Ambion® RNaseAlert™ Lab Test kit 

(Thermo Fisher Scientific). Using this assay, we were able to detect which reagents were 

subjected to RNase contamination; these reagents were split into single-use aliquots to reduce the 

effect of RNA degradation going forward. After addressing this issue, sequenced reads from 

RNA degradation products decreased by ~66 ± 38% (P < 1 × 10-15; Welch’s t-test) (Figure 3.7).  
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Figure 3.7 Solving RNA degradation problem. RNA degradation is a serious issue because it is not clearly 

observable during quality control (see top). RNA degradation was diminished by aliquoting all reagents and 

improving RNase awareness. These changes dropped the RNA degradation products percentage from 38 ± 8% to 13 

± 7%, P < 1 × 10-15 (see bottom).  
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 The other major issue that was exposed after analysis of our early patient trials was the 

presence of high levels of adapter dimer contamination. Adapter dimers form when the 3’- and 

5’-adapter molecules are ligated directly to each other. VanInsberghe’s single-cell miRNA 

library prep protocol used a “block” oligo designed to limit reverse transcription of adapter 

dimers, thereby preventing them from being amplified during subsequent PCR cycles. However, 

a significant proportion of dimers nonetheless were able to become reverse transcribed and 

amplified during initial patient trials. This was likely due to our 3-fold increase in reaction 

volume, as increased excess reagents naturally lead to increased side-product formation. Adapter 

dimers presented a major issue because large amounts of these species would contaminate the 

miRNA band during gel-based size selection, thereby reducing the achievable proportion of 

sequenced miRNA reads. In fact, early CTC trials showed that adapter dimer content in some 

patients was as high as 60%. To address this problem, we altered the miRNA library prep 

protocol by adding a RT-primer anneal step in between 3’ and 5’ adapter ligation (171). Since 

the RT-primer was designed to hybridize with the 3’ adapter, excess 3’ adapter was sequestered 

by RT-primers, rendering the pair double-stranded. The T4 RNA ligase 1 enzyme used for 

subsequent 5’ adapter ligation can only act on single-stranded oligos and therefore, this alteration 

acted as a means of preventing adapter dimer ligation (Figure 3.8).  
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Figure 3.8 Alterations to miRNA library prep protocol. The altered protocol uses an RT primer pre-hybridization 

step as a second method of preventing adapter dimer formation (see right).  

 

To test the efficacy of our altered library prep method, we sequenced single K562 cells 

using each protocol and compared adapter dimer percentages between the two. The results of this 

experiment showed that our new protocol successfully reduced adapter dimers down to an 

average of 8 ± 2% of aligned reads (P < 10-13; Welch’s t-test) (Figure 3.9). Furthermore, this 

alteration increased total reads by approximately 39 ± 20% (P < 0.001; Welch’s t-test), did not 

have a significant effect on miRNA reads percentage (P > 0.1; Welch’s t-test), and increased the 

number of miRNA species detected by approximately 15 ± 3% (P < 0.001; Welch’s t-test). 
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Therefore, this experiment showed that the RT primer pre-anneal protocol would be the best 

option for subsequent experiments.  

 

Figure 3.9 Solving adapter dimer problem. Adapter dimers are a significant problem because they bleed into the 

miRNA peak and contaminate libraries following size selection (see top). Adapter dimer content was diminished by 

altering the single-cell miRNA library prep protocol. These changes dropped the adapter dimer percentage from 19 

± 5% to 8 ± 2% (N = 26, N = 39, respectively; P < 1 × 10-13; Welch’s t-test) (see bottom).  
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 While altering our miRNA library prep protocol helped prevent adapter dimer 

contamination, it also caused concern for potentially serious batch effects going forward. By 

analyzing miRNA expression patterns of K562 cells between the two protocols, it appeared that 

while most miRNA were highly correlated (Pearson’s Correlation = 0.91), there was a subset of 

miRNAs that suffered from selection bias (see Figure 3.10). We postulated that this difference in 

selection might be caused by differing capabilities of dealing with the secondary structures of 

miRNA. Regardless of cause, we remained cognizant of this batch effect when performing 

subsequent analyses that compared patient data that had been analyzed using the different library 

prep protocols.  

 

 
Figure 3.10 Batch effects due to alterations of protocol. Altering protocol caused noticeable batch effect. t-SNE 

clustering analysis showed distinct clusters for K562 cells processed with original and pre-anneal protocols, 

respectively (see left). Although most miRNA were highly correlated between protocols (Pearson’s Correlation = 

0.91), 30 miRNA species were highly expressed in one protocol and not expressed in the other (see right). These 

miRNA species can be observed along the axes.  
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3.3.3 Single-Cell miRNA Sequencing of Prostate CTCs 

 In order to demonstrate the potential impact of our complete method, we collected CTCs 

from metastatic prostate cancer patients and ran them through our sequencing protocol. In total, 

we were able to sequence 258 CTCs and 49 PBMCs from 14 metastatic prostate cancer patients 

(Figure 3.11). As a positive control, we also sequenced 63 K562 cells along with the patient 

cells. For the CTC libraries, the mean total miRNA reads per cell was 27,423—accounting for 

39% of aligned reads—while the mean detected miRNA species per cell was 155; these values 

indicate successful sequencing libraries. These experiments represented the first time single-cell 

miRNA sequencing has ever been performed on CTCs; to investigate this novel data set we 

performed additional bioinformatics analyses.  

 

Figure 3.11 MiRNA heatmap of patient CTCs. Patient CTCs displayed differential miRNA expression patterns. 

Provides initial evidence of interpatient heterogeneity. Analysis was performed using SC3, which combines multiple 

clustering solutions, including Euclidean, Pearson, Spearmen and k-means, into a consensus approach (105). 
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3.3.3.1 Normalization 

Our data were normalized using the single-cell RNA-seq normalization pipeline 

described by Lun et al. in 2016 (172). This pipeline was directly applicable to our analysis, 

because it addresses the same problems inherent to single-cell miRNA datasets—namely, dealing 

low-quality cells and zero-read counts. Low-quality cells, which were detected based on library 

size and number of expressed features, were removed from the dataset. Additionally, cells were 

filtered out based on proportions of spike-in reads, as low quality cells naturally have higher 

relative amounts of spike reads. These filtering steps resulted in the removal of 48 CTCs from 

our final dataset. The relatively large number of low-quality cells is not entirely surprising given 

the short half-life of CTCs in the circulation. Furthermore, a proportion of these low-quality cells 

are likely due to technical problems involving issues with the microwell chip or reagent 

dispensing. Using this normalization pipeline, low-abundance miRNAs—that is, miRNA which 

had an average expression across all cells of less than 1—were also filtered out, as zero-count 

values are problematic for downstream analyses. After this filtering step, our dataset was left 

with 355 miRNA species.  

 

3.3.3.2 Heterogeneity Analysis 

 As an exploratory analysis, we performed t-SNE clustering on our normalized data set. 

We found that nearly every patient’s CTCs clustered independently from each other, providing 

initial evidence of high interpatient heterogeneity of CTC miRNA expression patterns (Figure 

3.12). However, the clusters of patient CTCs were relatively spread out when compared to cell 

line clusters; this observation indicated that intrapatient heterogeneity was potentially significant 

as well. This was not a very surprising result, as it was expected that there would be several 
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subpopulations of CTCs within a given patient’s blood. To quantify inter-/intrapatient 

heterogeneity values, we calculated means of Pearson’s correlation coefficients and jackknife 

estimates. These calculations showed that for all but one patient, interpatient heterogeneity was 

significantly higher than intrapatient heterogeneity. Furthermore, interpatient heterogeneity was 

similar to heterogeneity between different prostate cancer cell lines (Figure 3.12). These results 

highlight the cell classification capabilities of miRNA expression signatures.  
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Figure 3.12 miRNA heterogeneity analysis of CTCs. t-SNE plot shows the majority of patient CTCs form distinct 

clusters, indicating interpatient heterogeneity (see top). Inter- and intrapopulation heterogeneity for patients with 3 

or more CTCs, and cell lines, were calculated using mean correlation coefficient. 
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 To ensure that this observed heterogeneity was not due to batch effects, we performed t-

SNE clustering analysis on the entire dataset, including the K562 cells which were sequenced in 

parallel with the patients. This analysis showed that batch effects only had a marginal effect on 

differential expression, as the K562 cluster containing cells sequenced from each batch exhibited 

similar dispersion to a given patient CTC cluster (Figure 3.13). Therefore, we were confident 

that the observed interpatient heterogeneity was a result from real biological effects, and not 

batch effects.  
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Figure 3.13 Monitoring batch effect. Using t-SNE analysis to reveal contributions of batch effects. 
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3.3.3.3 Differential Expression Analysis 

 In order to determine any potentially clinically relevant information from our dataset, we 

collected additional patient history data (Table 3.1) and performed differential expression 

analysis (DEA). Patients were divided into two groups, based on whether their disease 

progressed within 10 months of first-line anti-androgen therapy or not (Table 3.1). Patients 

whose disease progressed within 10 months of first-line anti-androgen therapy were classified 

with “aggressive” tumour phenotypes, while the remaining patients were classified with 

“standard” tumour phenotypes. Using this classifier, there were 6 patients in the aggressive 

phenotype group and 6 patients in the standard phenotype group. One patient (VCC CTC-028) 

was removed from the analysis due to the fact that anti-androgen therapy was not used as first-

line treatment; instead, OGX-427—a Hsp27 inhibitor (173)—was used. DEA of these patient 

groups was performed using the Model-based Analysis of Single-cell Transcriptomics (MAST) 

pipeline (174). The fold-change threshold was set at 10, to ensure that only the strongest 

biological signals would be observed. The false discovery rate (FDR) threshold was set at 0.05. 

Results of this analysis showed that two miRNAs, miR-200b-3p and miR-200a-3p, were 

significantly under-expressed in aggressive phenotype patients (P < 10-15 and P < 10-15, 

respectively; Welch’s t-test) (Figure 3.14). To ensure that this observation was not the result of 

our library prep batch effect, CTCs were broken into “original” and “RT pre-anneal” groups and 

MAST DEA was performed. This analysis returned 12 miRNA which were differentially 

expressed between the two processing methods. Since none of these hit miRNA were miR-200b 

or miR-200a, we were confident that our observations were not a result of technical artifacts. 
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Table 3.1 Patient treatment history. The majority of patients were treated with an anti-androgen drug (ie. 

Enzalutamide, Abiraterone, Nilutamide) following castration-resistance diagnosis of tumour. Patient VCC CTC-028 

was treated with a different class of drug, oGX427, and thus was not included in subsequent differential expression 

analysis. Tumors of patients treated with anti-androgen drugs were classified as Standard or Aggressive based on the 

time that the therapy was effective (<10 months classified as Aggressive, >10 months classified as Standard).  

 

 

 

Figure 3.14 Differential gene expression analysis. Differential expression analysis between Aggressive and 

Standard phenotype patients shows that expression of both miR-200b-3p (P < 1 × 10-15) and miR-200a-3p (P < 1 × 

10-15) are negatively correlated with aggressive phenotypes.  
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3.3.3.4 Analysis of Differentially Expressed miRNA  

 To determine the biological significance of differential miR-200b and miR-200a 

expression, these miRNA were queried in the miRTarBase database (175) to determine their 

mRNA targets. Upon obtaining this list, it was evident that several key proteins involved in 

tumourigenic processes—including TP53, PTEN, MAPK, and ETS1—were associated with 

these miRNA (Table 3.2; Figure 3.15). Using this list of mRNA targets, STRING analysis (176) 

was used to determine which biological pathways these target proteins were enriched for. Results 

of this analysis showed that the strongest enrichment for biological process GO terms were 

largely associated with metabolic processes, developmental processes, differentiation pathways, 

and cellular responses to stimuli (Table 3.2). Molecular function GO terms that the target 

proteins were strongly enriched for largely involved DNA binding at transcription regulatory 

regions (Table 3.2). These results indicate that miR-200b and miR-200a are involved in 

potentially tumourigenic processes.  

In order to gain a deeper understanding of miR-200a and miR-200b function in the cell, 

we reviewed the relevant literature. Recent studies have demonstrated that miR-200a suppresses 

EMT in liver cancer stem cells and pancreatic cancer stem cells (177,178), and miR-200b has 

been shown to inhibit EMT, growth and metastasis in prostate cancer (179). These studies 

indicate that miR-200a and miR-200b function as tumour suppressors in the cell, which is 

consistent with our finding that their under-expression may be associated with more aggressive 

tumour phenotypes. Furthermore, miR-200a has been previously established as a potential 

biomarker in colorectal cancer patients, as low miR-200a expression is correlated with poor 

survival (P < 0.05) (180). Therefore, the under-expression of miR-200a and miR-200b appear to 

have clinical potential as biomarkers of aggressive metastatic prostate cancer tumours. 
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Table 3.2 Analysis of differentially expressed miRNA. List of miRNA target genes found by querying the 

miRTarBase database, and selecting target genes backed by strong experimental evidence (Functional MTI). 

STRING analysis was used to determine list of enriched gene ontology (GO) terms; the terms with the top five false 

discovery rates (values listed in parentheses) for biological process and molecular function are listed.  
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Figure 3.15 STRING interaction network of differentially expressed miRNA target proteins. Top: network of 

miRNA-200b target proteins. Bottom: network of miRNA-200a target proteins. Unconnected proteins omitted from 

figure.  
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Chapter 4: Conclusions and Future Steps 

 

 In this work, I have presented an integrated method for the enrichment, isolation, and 

single-cell analysis of CTCs. Our enrichment/detection protocol achieved recovery rates of 77%, 

and was able to detect over 6000 metastatic prostate cancer CTCs from patient samples. In a 

direct comparison with the only FDA-approved CTC enumeration device, CellSearch®, our 

protocol was able to detect more CTCs in 67% of metastatic prostate cancer patients. To 

demonstrate the functionality and feasibility of our integrated protocol, we successfully captured 

and isolated 310 CTCs from 16 late-stage metastatic prostate cancer patients. Of these captured 

cells, we were able to generate single-cell miRNA profiles of 258 CTCs from 14 patients (mean 

18 per patient). This was the first documented example of such an analysis ever being performed 

on CTCs. The mean total miRNA reads per cell was 27,423—accounting for 39% of aligned 

reads—while the mean detected miRNA species per cell was 155; these values indicate 

successful sequencing libraries. Single CTCs from each patient displayed significant interpatient 

heterogeneity, while intrapatient heterogeneity was rather low. Due to this observed low 

intrapatient heterogeneity, it is conceivable that future experiments would be able to pool cells 

from patients together as a means of performing deep miRNA sequencing, while still 

maintaining single-cell observations. To demonstrate the potential clinical utility of single-cell 

miRNA sequencing on CTCs, we performed a retrospective analysis of these profiles, which 

provided preliminary evidence that miR-200a and miR-200b expression is negatively correlated 

with aggressive tumour phenotypes. Although additional studies must be done to confirm this 

finding, it has potential clinical utility for the monitoring and managing of castration-resistant 
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prostate cancer patients. In conclusion, this study demonstrates the feasibility and potential utility 

of single-cell miRNA sequencing CTCs in the clinical setting.  

 This study measured single-cell miRNA expression in CTCs because this represented a 

novel CTC analysis technique, however, our protocol could also be applied to a wide variety of 

different research problems. For example, the front-end of the protocol could be used to enrich 

for other rare cell types, such as circulating fetal cells, or immune cells, thereby allowing for 

downstream single-cell molecular analyses of these cells. Additionally, the back-end of the 

protocol is capable of being used for a wide variety of molecular analysis protocols, including 

single-cell RNA sequencing, whole-genome sequencing, and more. Therefore, the technical 

aspects of this study are widely applicable and represent a potent method for enriching rare cells 

and performing single-cell molecular analyses.  

 

4.1 Comparisons to Published CTC Enrichment Methods 

As previously described in detail, our CTC enrichment protocol combined a negative 

selection pre-enrichment step with high-throughput fluorescent imaging. The published CTC 

enrichment technique which most closely resembles our protocol is the Accucyte CyteFinder® 

from Rarecyte®, Inc (Seattle, WA, USA) (84–87).  

Both protocols begin with a density-based pre-enrichment method. Our protocol cross-

linked unwanted cells together using tetrameric antibodies via the RosetteSep™ kit 

(STEMCELL™ Technologies, Vancouver, BC, Canada), and centrifuged samples through 

Lymphoprep™ (STEMCELL™ Technologies, Vancouver, BC, Canada) density gradient to 

remove the majority of unwanted cells (80). In contrast, the Accucyte CyteFinder® centrifuges 

whole-blood samples through a density gradient along with a “float” intended to mark the 
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nucleated cell layer (84). This allows the Accucyte® protocol to be standardized, and helps 

reduce a major source of technician bias, thereby improving reproducibility. Furthermore, 

performing this pre-enrichment as a one-pot system without any washing steps reduces a 

potential source of CTC loss. Following pre-enrichment, both protocols perform high-throughput 

imaging followed by micropipette-based micromanipulation to detect and isolate single CTCs for 

downstream analyses (85,87). It should be noted that at the beginning of my research project, the 

Accucyte CyteFinder® was not commercially available. 

 

4.2 Comparisons to Published Single-Cell miRNA Sequencing Protocol 

As mentioned above, a similar single-cell miRNA sequencing protocol had previously 

been developed by Faridani et al. (154). This method used slightly different reagent 

concentrations, and performed the reactions in tubes, rather than with microfluidics. For 

example, our method resulted in a final volume of ~300 nL while their method resulted in a final 

volume of ~50 μL (154). By not taking a microfluidic approach, Faridani et al. were required to 

add several different mechanisms to reduce side product formation, such as rRNA masking 

oligonucleotides to remove degradation products and Lambda exonuclease to remove free 

adapters (154). By performing our protocol at nanolitre volumes, the libraries we generated were 

of significantly higher quality. Our libraries contained an average of 40 ± 14 % miRNA reads per 

library, while theirs contained only 2.0 ± 1.1 % (163). To overcome this deficiency, Faridani et 

al. were required to sequence their library libraries much deeper—4.4 × 106 ± 3.5 × 106 reads per 

cell, compared with 6.3 × 105 ± 3.9 × 105 reads per cell for our method (163). Based on this 

observation, it appears that our microfluidic library prep method is much more efficient and cost-

effective, thereby making it the more feasible technique for future research.  
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4.3 Suggestions for Further Protocol Improvements 

 This study has demonstrated the clinical feasibility of single-cell miRNA sequencing 

CTCs. However, there are areas of the protocol that require additional work in order to reduce 

the variability and increase the reproducibility of this CTC enrichment/detection/analysis 

method. Such improvements are necessary in order for this protocol to exert its full experimental 

and clinical potential.  

 

4.3.1 Eliminating Technician Bias During Negative Selection 

Issues with technician bias during the negative-selection steps of CTC enrichment 

resulted in variable CTC counts, thereby limiting the number of patients we were able to analyze. 

A likely source of this bias arises when removing the liquid layer containing CTCs above the 

LymphoPrep™ following centrifugation. This step requires practice to perform accurately, as the 

layer is often not clearly visible, and therefore is subject to human error. For this study, we used 

this negative selection method due to it’s simplicity, cost-effectiveness, and availability; 

however, other methods would be able to avoid its flaws. To ameliorate this issue, a marker 

additive with the approximate density of an individual cell could be added to the blood sample 

prior to centrifugation; this would allow the CTC-containing layer to be visible, thereby 

eliminating the need for judgement calls during this step. Similarly, centrifuging blood samples 

through density gradients could help this issue. If the approximate area where CTCs equilibrate 

within the density gradient is known, technicians would be able to standardize negative selection 

by eluting cells from a consistent section of density gradient for each patient. Lastly, using a 

micropost-based microfluidic chip for negative selection would also eliminate technician bias 

and human error.  
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4.3.2 Improving CTC Detection 

 Although negative selection methods allow for the collection of more heterogeneous 

CTC populations, detecting multiple subpopulations of CTCs remains an issue. For our protocol, 

we detected CTCs based on EpCAM/CD45 expression patterns, due to consistency with previous 

CTC detection methods, cost-effectiveness, and simplicity. This method likely results in 

selection bias towards epithelial-like CTCs, and may cause other subpopulations to be 

underrepresented in subsequent analyses; such bias reduces CTC detection reproducibility. In 

order to eliminate this issue, additional work must be done to develop a standard CTC antibody 

cocktail in conjunction with a detailed algorithm that is capable of detecting a wide variety of 

CTC subpopulations. In doing so, the variability of CTC count measurements and molecular 

analyses will be reduced, thereby allowing for replication studies from independent researchers 

to solidify findings.  

 

4.4 Suggested Future Experiments  

 This study provided preliminary evidence that miR-200b and miR-200a expression is 

negatively correlated with aggressive tumour phenotypes. However, due to the nature of the 

dataset, providing a clear interpretation of the potential role miR-200b and miR-200a play in 

prostate tumour progression is quite difficult, as there are several possible explanations. One 

explanation is that certain patients under-express miR-200b and miR-200a prior to treatment, and 

this manifests itself as an aggressive tumour phenotype upon commencement of anti-androgen 

therapy. However, we have not presented enough data to accurately postulate such an 

association, and additional experiments must be performed in order to do so.  
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4.4.1 in vitro Assays 

One way in which to provide further evidence describing the role of miR-200b and miR-

200a expression in prostate tumour progression would be to perform in vitro experiments. 

Expression of these miRNA could be knocked-down in prostate cancer cell lines using CRISPR, 

siRNA, or some other method, and various tumourigenic characteristics could be measured in 

comparison with a control. Furthermore, the response of knock-down cells to anti-androgen 

drugs could be compared with a control. In doing so, the role of miR-200b and miR-200a 

expression in prostate tumour progression may become better understood.  

 

4.4.2 Longitudinal Prostate Cancer Patient Studies 

 To demonstrate the potential prognostic value of miR-200b and miR-200a expression, 

longitudinal studies that analyze single-cell miRNA sequencing profiles of castration-resistant 

prostate cancer patient CTCs prior to, and following, anti-androgen therapy must be performed. 

Solidifying such an association may provide clinicians with an additional prognostic biomarker, 

and a way in which to predict anti-androgen treatment responses in patients. Furthermore, such 

studies would be well suited to discover additional associations between CTC miRNA 

expression patterns, prognosis and/or treatment response; this is necessary for single-cell miRNA 

sequencing of CTCs to become common clinical practice in the management of cancer.  
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