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Abstract

We aimed to isolate CTCs using a microfluidic technique with a novel lateral 

magnetophoretic microseparator. Prostate cancer-specific gene expressions were evaluated 

using mRNA from the isolated CTCs. A CTC-based multigene model was then developed for 

identifying advanced prostate cancer. Peripheral blood samples were obtained from five 

healthy donors and patients with localized prostate cancer (26 cases), metastatic hormone-

sensitive prostate cancer (mHSPC, 10 cases), and metastatic castration-resistant prostate 

cancer (mCRPC, 28 cases). CTC recovery rate and purity (enriched CTCs/total cells) were 

evaluated according to cancer stage. The areas under the curves of the six gene expressions 

were used to evaluate whether multigene models could identify mHSPC or mCRPC. The 
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number of CTCs and their purity increased at more advanced cancer stages. In 

mHSPC/mCRPC cases, the specimens had an average of 27.5 CTCs/mL blood, which was 

4.2× higher than the isolation rate for localized disease. The CTC purity increased from 2.1% 

for localized disease to 3.8% for mHSPC and 6.7% for mCRPC, with increased CTC 

expression of the genes encoding prostate-specific antigen (PSA), prostate-specific 

membrane antigen (PSMA), and cytokeratin 19 (KRT19). All disease stages exhibited 

expression of the genes encoding androgen receptor (AR) and epithelial cell adhesion 

molecule (EpCAM), although expression of the AR-V7 variant was relatively rare. Relative 

to each gene alone, the multigene model had better accuracy for predicting advanced prostate 

cancer. Our lateral magnetophoretic microseparator can be used for identifying prostate 

cancer biomarkers. In addition, CTC-based genetic signatures may guide the early diagnosis 

of advanced prostate cancer.

Abbreviations

PSA: prostate-specific antigen; CTCs: circulating tumor cells; ddPCR: droplet digital PCR; 

mHSPC: metastatic hormone-sensitive prostate cancer; mCRPC: metastatic castration-

resistant prostate cancer; WBCs: white blood cells; AR: androgen receptor; AR-V7: androgen 

receptor variant 7; PSMA: prostate-specific membrane antigen; EpCAM: epithelial cell 

adhesion molecule; KRT19: cytokeratin 19; MS: multigene score.

1. Introduction

Prostate cancer is the second most common cancer among men, and is the most 

frequently diagnosed cancer in many countries, with 1.3 million new cases and a mortality 

rate of 3.8% in 2018.1,2 Although prostate-specific antigen (PSA) testing can help guide the 

diagnosis and management of prostate cancer, it remains difficult to achieve an early and 

accurate diagnosis of aggressive prostate cancer.1,3  Furthermore, it remains unclear how 

localized prostate cancer progresses to metastatic hormone-sensitive prostate cancer 

(mHSPC) or metastatic castration-resistant prostate cancer (mCRPC). In addition, patients 

with mCRPC no longer respond to medications that target androgen receptor (AR) and 

experience continued deterioration. Therefore, it is important to clarify the mechanisms 
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underlying prostate cancer progression, which may guide the development of better treatment 

strategies for patients with metastatic prostate cancer. 

There is also a need for better biomarkers to identify prostate cancer progression, which 

can help guide treatment decisions.4 The discovery that tumors shed circulating tumor cells 

(CTCs) has raised the possibility of minimally invasive cancer monitoring, which may help 

determine the tumor burden and molecular or genetic markers that are linked to the risk of 

cancer progression. Many studies have confirmed that CTCs and their numbers are associated 

with survival among patients with prostate cancer.5-9 Genomic analysis of CTCs has also 

emerged as a promising tool since the discovery that resistance to androgen receptor (AR)-

targeting agents in patients with mCRPC was associated with CTC-based expression of the 

gene for AR splice variant 7 (AR-V7).10-13 However, despite the development of next-

generation sequencing and droplet digital PCR (ddPCR), it remains difficult to obtain 

accurate genomic information regarding CTCs, based on their extreme rarity in the blood. 

Therefore, advanced techniques are needed to help isolate CTCs and identify clinically useful 

genomic biomarkers. 

Most clinical studies have used commercially available CTC isolation methods, 

including the CellSearch system (Menarini Silicon Biosystems), the EPIC platform (Epic 

Sciences), and the AdnaTest (QIAGEN).11,14-19 Nevertheless, many microfluidic techniques 

are superior to these commercial macroscale methods for isolating CTCs. While most studies 

have only described the recovery rate of CTCs, some studies have also described the 

proportion of CTCs and co-isolated white blood cells (WBCs).20,21 The results indicate that 

approximately 90% of CTCs can be recovered, although the WBC depletion rate remains in 

the range of 1.29–3.25 log and the purity of CTCs in the sample remains only 0.01–1%.22-24

This study aimed to isolate CTCs from prostate cancer patients using a microfluidic 

technique with a disposable lateral magnetophoretic microseparator. Furthermore, we aimed 

to evaluate the expressions of various prostate cancer-specific genes using mRNA from the 

isolated CTCs and the ddPCR method. The ultimate aim of this approach is to achieve early 

detection of metastatic prostate cancer, which can help guide prognostication and clinical 

decision-making. Unfortunately, conventional imaging has insufficient sensitivity when 

staging patients with advanced prostate cancer, and we hypothesized that a CTC-based gene 

expression profile could help better identify mHSPC and mCRPC. Thus, we evaluated the 

CTC expression profiles of 6 genes encoding androgen receptor (AR), AR-V7, PSA, 

prostate-specific membrane antigen (PSMA), epithelial cell adhesion molecule (EpCAM), 
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and cytokeratin 19 (KRT19). That information was used to develop a CTC-based multigene 

model for identifying metastatic prostate cancer.

2. Materials and methods

2.1 Patients and sample preparation

Between May 2018 and May 2019, peripheral blood samples were obtained from 5 

healthy donors and 64 patients who had localized prostate cancer (26 patients), mHSPC (10 

patients), or mCRPC (28 patients) (Table 1). All subjects provided written informed consent 

and the study protocol was approved by our institutional review board. 

The blood samples were drawn into 10-mL Vacutainer tubes (367525, BD Vacutainer) 

that contained EDTA (K2EDTA, 18.0 mg) and were stored at 4°C until processing, which 

was performed within 4h. Red blood cells (RBCs) were removed via density gradient 

centrifugation (700× g, 30 min) using a 1.119 g/mL Ficoll solution (Histopaque-1119, Sigma-

Aldrich). The buffy coat layer was then transferred into 10 mL of ice-cold PBS with 0.2% 

bovine serum albumin in a 50-mL conical tube. After washing the nucleated cells, they were 

suspended in 200 μL of ice-cold PBS with 0.2% bovine serum albumin in a 1.5-mL 

microcentrifuge tube. Antibodies targeting EpCAM and magnetic nanobeads (STEMCELL 

Technologies) were sequentially added to the 200-μL sample, with incubations on ice for 60 

min and 90 min, respectively, according to the manufacturer’s instructions (Figure 1A). The 

final sample was prepared by dilution using 800 μL of ice-cold PBS with 0.2% bovine serum 

albumin.

2.2 Cell line spiking test

Prostate cancer cells were prepared using the LNCaP cell line to evaluate the 

performance of the lateral magnetophoretic microseparator based on the CTC recovery rate, 

the WBC depletion rate, and the purity of the CTCs. The LNCaP cells were initially stained 

using a green fluorescent nucleic acid dye (SYTO 13, Invitrogen). After washing, 

approximately 100 stained LNCaP cells were added into 5 mL of blood from the healthy 

donors, which resulted in spiked blood samples. The LNCaP cells were then isolated from the 

spiked blood samples according to the experimental methods described above.

2.3 Working principle and CTC isolation 

The process for fabricating the disposable lateral magnetophoretic microseparator has 

been previously reported 25 and is briefly described with a schematic diagram in the 

Supplementary S1 methods (Figure S1). The microseparator consists of a disposable 
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superstrate, which contains a microchannel network, two inlets, two outlets, and a vacuum 

trench, as well as a reusable substrate that includes inlaid ferromagnetic wires (Figure 1B).

The reusable substrate is placed on two stacked neodymium-iron-boron permanent 

magnets, which applies a uniform external lateral magnetic field to the ferromagnetic wires. 

This creates a high-gradient magnetic field around the wires and applies a magnetic force 

through the entire microchannel area. The disposable superstrate can be applied to the 

reusable substrate using a vacuum pressure of −50 kPa. Given the extremely close contact 

between the superstrate and substrate, the gradient magnetic field remains effective even 

through the micrometer-thick PET film that forms the bottom of the microchannel in the 

superstrate. The thickness of PET film is 12 µm that evaluated as optimal thickness for 

high recovery rate by previous study.25 This fabricated device is used for cell line 

spiking and clinical study.

The CTC isolation process involves injecting the prepared blood sample through the 

sample inlet and PBS with 0.2% bovine serum albumin through the buffer inlet of the 

microchannel. The magnetically labeled CTCs are pulled laterally along the slanted 

ferromagnetic wires to the CTC outlet and ultimately collected into a 1.5-mL sample tube, 

while the normal blood cells flow straight through the waste outlet (Figure 1B). After the 

CTC isolation is completed, the superstrate is removed by releasing the vacuum pressure and 

is replaced for the next experiment. 

2.4 Detection and counting of CTCs

The CTC counting procedure involved fixing the isolated cells, which included CTCs 

and WBCs, using 100 µL of 4% paraformaldehyde for 10 min. The cells were then incubated 

at 4ºC for 30 min with a nucleic acid fluorescent dye (DAPI, Invitrogen) to identify nuclei 

and with Alexa Fluor 647 antibodies targeting CD45 (Biolegend) to identify WBCs. The cells 

were subsequently permeabilized for 10 min using 100 µL of 0.2% Triton X-100 

(AMRESCO) and incubated at 4ºC for 30 min with Alexa Fluor 488 antibodies targeting pan-

cytokeratin (eBioscience) to identify CTCs. The fluorescently stained cells were then 

classified as either CTCs or WBCs using confocal microscopy images (LSM800, Carl Zeiss) 

(Figure 1C).

2.5 Gene expression analysis using RT-ddPCR and the clinical specimens 
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The CTC expression profiles were analyzed using RT-ddPCR (Figure 1D) and 

transcripts from six representative genes that reflect reactivity to androgen hormones (AR and 

AR-V7), prostate cancer progression (PSA and PSMA), and epithelial phenotype (EpCAM 

and KRT19). The protocols for mRNA extraction and cDNA synthesis from the isolated cells 

are described in the Supplementary S2 methods. The sensitivity of the genetic analyses was 

enhanced by pre-amplification of the six synthesized cDNAs using multiplex PCR before the 

ddPCR, as described in the Supplementary S3 methods. The pre-amplification primers are 

listed in Table S1.

The validity of the pre-amplification process was evaluated by detecting AR-V7 

mRNA, which is the rarest among the six selected genes (0.4 copies/cell based on an average 

of 2,000 LNCaP cells).26 The pre-amplified cDNA were serially diluted using 

diethylpyrocarbonate (DEPC) and the expression levels of the six genes according to the 

dilution rate were quantified as copy numbers per microliter using ddPCR (QX200, Bio-Rad), 

as explained in the Supplementary S4 methods and Figure S2. The primer sequences and 

product sizes for the six genes selected for ddPCR are listed in Table S2. To ensure accurate 

genomic analyses, the detection thresholds for each gene were determined based on the 

maximum values that were measured in five no-template controls (Figure S3). 

The optimal dilution rate of the pre-amplified cDNA from the clinical samples was 

evaluated using a serial dilution test with blood samples from 2 patients with localized 

disease, 2 patients with mHSPC, and 3 patients with mCRPC (Supplementary S5 methods, 

Figure S4, and Figure S5). The results indicated a 1/5 dilution ratio was optimal, and that 

dilution ratio was subsequently used for all blood samples.

2.6 Determining the predictive potential of a multigene profile

The gene detection rates and expression levels were compared for each gene according 

to prostate cancer stage. To visualize these relationships, we created a heat map after the log-

transformed gene expression data were converted into z-scores. Composite scores were then 

created using the 6 genes in an attempt to identify metastatic prostate cancer (mCRPC or 

mHSPC). All patients were assigned scores based on their expression of each gene, and the 

data were grouped into tertiles (scores of 0 [lowest expression], 1 [medium expression], and 2 

[highest expression]). The multigene score was defined as the sum of the individual gene 

scores and ranged from 0 to 12. For example, a patient with very high expression of all 6 

genes would have a total score of 12 points (2 points per gene). The areas under receiver 
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operating characteristic curves were evaluated to determine the relative values of the single-

gene and multigene scores for predicting mHSPC or mCRPC. 

2.7 Statistical analysis

Continuous variables were compared using the Mann-Whitney test and categorical 

variables were compared using the chi-squared test. A logistic regression classification model 

was constructed to predict mHSPC and/or mCRPC using the gene scores. The predictive 

power of each marker was evaluated using the C-index,27 which is a nonparametric measure 

of a predictive model’s differential power (a C-index of 0.5 is considered equivalent to 

random chance). The cut-off values for each gene’s expression level were tested to assess 

their ability to identify patients with mHSPC and/or mCRPC. (mCRPC or mHSPC (n=38) 

vs. HD,T2,T3,T4 (n=31)). All statistical analyses were performed using R software (version 

3.6.2) and p-values of <0.05 were considered statistically significant.

3. Results 

3.1 Analyses of spiked blood samples from healthy donors 

The performance of the lateral magnetophoretic microseparator was evaluated using 5-

mL blood samples from healthy donors that had been spiked with approximately 100 LNCaP 

cells (Figure 2A). The isolation performance (recovery rate) was measured in triplicate for 

flow rates of 1 mL/h, 2 mL/h, and 4 mL/h, with the spiked LNCaP cells collected and 

counted after they had passed through the microchannel. Counting was performed using cells 

that were spread on a glass slide and a fluorescence microscope, which confirmed the 

recovery rate of the LNCaP cells and the number of co-isolated WBCs (Figure 2B). The 

number of co-isolated WBCs was used to determine the WBC depletion rate and the purity of 

the retrieved LNCaP cells. The recovery rates were 95.1±1.2% for a flow rate of 1 mL/h, 

93.6±0.7% for a flow rate of 2 mL/h, and 84.0±7.0% for a flow rate of 4 mL/h (Figure 2C). 

The average numbers of contaminating WBCs were 660.0 cells for a flow rate of 1 

mL/h, 667.0 cells for a flow rate of 2 mL/h, and 374.3 cells for a flow rate of 4 mL/h (Figure 

2D), with corresponding increases in the purity of the retrieved LNCaP cells (1 mL/h: 13.0%, 

2 mL/h: 13.9%, and 4 mL/h: 19.7%) (Figure 2E). The mean contamination rate was 113.4 

WBCs/mL (238–786 WBCs per 5-mL sample), which corresponded to an average WBC 

depletion rate of 44,083.1-fold (4.64 log), based on assumption that there were 5×106 

WBCs/mL in blood [28]. Higher flow rates had greater hydrodynamic drag forces acting on 
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the cells passing through the microchannel, which leads to a lower recovery rate, less WBC 

contamination, and greater purity of the retrieved cells. For example, a flow rate of 1 mL/h 

provided the highest recovery rate (95.1%) but lower purity and throughput. Thus, the flow 

rate of 2 mL/h was considered optimal and used for all future tests, based on a recovery rate 

of 93.6%, purity of 13.9%, and a WBC depletion rate of 4.57 log.

3.2 CTC counting using patients’ blood

The clinical evaluations were performed using 3-5-mL peripheral blood samples from 

the healthy donors and patients with localized and metastatic prostate cancer. The collected 

cells were stained using immunofluorescent dyes to identify the CTCs and WBCs based on 

immunofluorescence and morphological analyses (Figure 3A and Figure S6). The lateral 

magnetophoretic microseparator isolated CTCs for 63 of 64 patients with prostate cancer 

(98.4%), despite many recent reports of similar technologies describing limited CTC 

detection rates (Table S3). Furthermore, the number of CTCs increased with increasing serum 

PSA levels, which indicated more advanced disease.

The average isolation results for localized disease were 6.5 CTCs/mL (range: 0.4–30.5 

CTCs/mL) and 514.4 WBCs/mL (range: 67.0–1,530.0 WBCs/mL). The average isolation 

results for mHSPC were 16.7 CTCs/mL (range: 8.0–40.7 CTCs/mL) and 717.6 WBCs/mL 

(range: 98.6–1,192.5 WBCs/mL). The average isolation results for mCRPC were 31.0 

CTCs/mL (range: 2.8–160.4 CTCs/mL) and 627.6 WBCs/mL (range: 41.0–2,693.2 

WBCs/mL) (Figure 3B). Patients with mHSPC and mCRPC had an average of 27.5 

CTCs/mL, which was 4.1× higher than the isolate rate for localized disease. The average 

WBC contamination for all prostate cancer cases was 595.0 WBCs/mL (range: 41.0–2,693.2 

WBCs/mL), which corresponded to a WBC depletion rate of 3.92 log (Figure 3C). The 

healthy donors had average values of 0.4 CTCs/mL (range: 0–0.8 CTCs/mL) and 602.2 

WBCs/mL (range: 297.4–831.7 WBCs/mL). 

The CTC purity values were calculated based on the ratio of cytokeratin-positive cells 

to CD45-positive cells (CTCs/WBCs). Because the CTC count increased for more advanced 

prostate cancer, the average CTC purity values were 2.1% for local disease, 3.7% for 

mHSPC, and 6.7% for mCRPC (Figure 3D). The average number of contaminated WBCs in 

these patients’ samples (595.0 WBCs/mL) was approximately 5.2× higher than in the spiked 

healthy blood samples, as patients with prostate cancer are more likely to be elderly and 
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infirm, thereby leading to greater coagulation. Thus, the average purity of CTCs was 3.5× 

lower than for LNCaP cells that were retrieved from the spiked healthy blood samples. 

3.3 Genetic analyses using isolated CTCs

The sample clustering of the 6 genes was well correlated with cancer stage for all 

patients (5 healthy donors, 26 patients with localized disease, 10 patients with mHSPC, and 

28 patients with mCRPC) based on the RT-ddPCR findings. The gene detection rates 

according to cancer stage were evaluated as copies/µL above the detection threshold for each 

gene. For example, AR mRNA was detected in 80% of healthy cases, 76.9% of localizes 

disease cases, 90.0% of mHSPC cases, and 100% of mCRPC cases. Relative to the other 

genes, the expression of the gene for AR was the highest and fairly stable for all prostate 

cancer stages (Figure 4A,4B). The gene for AR-V7 was detected in 20.0% of mHSPC cases 

and 35.7% of mCRPC cases (Figure 4C), with the expression level being 17.5× higher for 

mCRPC cases than for mHSPC cases (Figure 4D).

Interestingly, prostate cancer progression led to a greater increase in CTC expression of 

the gene for PSA, relative to serum PSA levels (Figure 3B and Figure 4F), which is a 

common biomarker for monitoring prostate cancer progression. The greatest increase in the 

PSA gene expression was observed between the local disease and mCRPC cases 

(approximately 20,000×) (Figure 4E,4F). Similarly, the expression of the gene for PSMA was 

significantly higher in cases of metastatic prostate cancer than in cases of localized disease 

(639.9 copies/µL vs. 2.4 copies/µL, P=0.029) (Figure 4G,4H). 

Expression of the gene for EpCAM was approximately 8.7× higher for mCRPC than 

for mHSPC, was significantly correlated with the increased number of isolated CTCs, and 

was detected in 100% of the CTCs isolated from patients with mCRPC (Figure 4I,4J). The 

detection rate of the gene for KRT19 increased with prostate cancer stage (range: 38.46–

82.14%), and was approximately 336.3× higher in mHSPC/mCRPC cases than in localized 

disease cases (Figure 4K,4L). This result is much higher than previously reported results, 

which is likely related to the microseparator’s good ability to isolate CTCs and the high 

sensitivity of ddPCR.25,29,30

The relationships between the numbers of isolated CTCs and the gene expressions were 

plotted (Figure 5A) and the 6 gene signatures were matched to individual patients using a 

heatmap (Figure 5B). These results revealed that most of the 6 genes were highly 

overexpressed in cases involving metastatic prostate cancer. Furthermore, progression of 
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prostate cancer was associated with higher CTC counts, increased gene detection rates, and 

increased expression levels for the genes encoding AR, AR-V7, PSA, PSMA, EpCAM, and 

KRT19 in the CTCs.

3.4 Development of a CTC-based multigene model

Logistic regression was used to evaluate single-gene models and multigene models for 

predicting metastatic prostate cancer (mCRPC or mHSPC). Their predictive values were 

evaluated based on the areas under the curves (AUCs) (Figure 6). 

The multigene model for identifying mCRPC or mHSPC was: 

P(mCRPC or mHSPC | gene expression) = exp(a + b×MS) / (1+exp[a + b×MS]), 

with a = –3.28 and b = 0.65, and MS (multigene score) = the sum of the 6 genes’ 

scores.

Figure 6 showed that this model had good performance (AUC: 0.90). Furthermore, relative to 

the individual gene models, the AUC values for identifying metastatic prostate cancer were 

significantly better for the multigene model (multigene model: 0.90 vs. AR: 0.69, AR-V7: 

0.76, PSA: 0.84, PSMA: 0.83, EpCAM: 0.79, KRT19: 0.84) (P< 0.001). 

4. Discussion

We have previously reported the isolation of CTCs from the blood of patients with 

breast cancer using a lateral magnetophoretic microseparator with an assembly-disposable 

microfluidic device.25 Although there are many techniques for isolating CTCs to identify 

biomarkers, most have focused on the rates of CTC isolation and detection, without clear data 

regarding the WBC depletion rate (i.e., CTC purity). Thus, it remains unclear whether their 

findings regarding genomic markers were related to expression in CTCs and/or WBCs, and it 

is important to consider the purity of CTCs in this setting. A purity rate of >1% is generally 

required for PCR analysis and a rate of >5% is generally required for sequencing.31,32  The 

present study evaluated 5-mL blood samples from healthy donors that were spiked with 

approximately 100 LNCaP cells, which revealed a high LNCaP cell recovery rate (93.60%) 

and good WBC depletion (4.57 log) at a flow rate of 2 mL/h, which resulted in high CTC 

purity (13.93%). Furthermore, we observed that WBC contamination remained relatively 

constant, while the number of CTCs increased at higher cancer stages, which was related to 

increasing CTC purity (2.1% for localized disease, 3.7% for mHSPC, and 6.7% for mCRPC). 

Therefore, it appears that we collected relatively accurate CTC-based genomic information 
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regarding advanced prostate cancer. Moreover, it appears that the CTCs isolated using our 

lateral magnetophoretic microseparator are suitable for use in advanced genomic analysis 

techniques, such as ddPCR or next-generation sequencing.

This study revealed that the number of CTCs increased at higher prostate cancer stages 

and proportionally to the serum PSA level. Several studies have already indicated that the 

CTC burden is correlated with the prognosis of patients with mCRPC.8,8,33,34  However, the 

number of CTCs alone may not accurately reflect the patient’s condition, as treatment 

decreases the number of CTCs. In addition, it is possible that the number of detected CTCs 

may change according to the timing of blood sampling during treatment. Moreover, the CTC 

number alone does not reflect the degree of malignancy or cancer cell characteristics. 

Therefore, CTC genomic characteristics, not just an absolute count, will likely be more useful 

for monitoring the patient’s treatment response or predicting their prognosis. For example, 

mutations in cancer cells are likely to proceed even if the CTC count decreases during 

treatment.

It remains unclear what mutations occur in prostate cancer cells during the progression 

from localized disease to metastasis. The mechanism for progression from mHSPC to 

mCRPC is also unknown. To address these issues, the molecular characteristics of cancer 

cells will need to be analyzed for patients with disease ranging from localized to metastatic 

prostate cancer. However, repeated sampling of cancer tissues from patients is challenging, 

and the characteristics of cancer cells may vary according to the metastasis site. Moreover, 

sampling of metastatic tumors is highly invasive and posing a serious risk to the patient. In 

contrast, blood specimens for CTC detection can be obtained repeatedly and with minimal 

invasiveness, while still being representative of the patients’ cancer cell characteristics.

The main finding of the present study is that the CTC-based expression signatures 

involving 6 genes were associated with metastatic prostate cancer, and that a multigene 

model could be used to predict metastatic prostate cancer. Aberrant expression of the genes 

encoding AR and AR-V7 are associated with resistance to systemic treatment using AR-

targeting agents, with elevated AR expression being linked to increased generation of active 

truncated AR variants and greater resistance to AR-targeting agents.35-37 One of these variants 

(AR-V7) is a marker than can accurately predict the response to AR-targeting agents in 

patients with mCRPC.11-13 Epithelial markers (EpCAM and KRT19) are detected in all stages 

of prostate cancer, as the CTCs are essentially derived from epithelial cells and only a few 

CTCs lose their epithelial phenotype via the epithelial-mesenchymal transition. However, the 
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present study confirmed that KRT19 and EpCAM expression was elevated at later disease 

stages, which suggests that these might be effective biomarkers for diagnosing advanced 

prostate cancer, especially as they were not expressed at all in the cells that were isolated 

from the healthy donors. The AR signaling pathway also influences PSA transcripts, which 

are associated with survival duration and response to AR-targeting agents in patients with 

mCRPC.35,38,39  The expression of PSMA (a transmembrane glycoprotein) on CTCs is 

another promising marker for measuring disease progression or response to therapy,40 as 

PSMA expression is limited in benign prostatic hyperplasia and upregulated dramatically in 

prostate cancer and especially metastatic cases.41 Moreover, PSMA-targeted radioligands 

may be a potential treatment option for patients with mCRPC.42,43 Finally, there are emerging 

data that PSMA-based PET-CT is more accurate than conventional imaging for detecting 

metastasis in cases involving high-risk localized prostate cancer.44-47

Although several studies have been reported on CTC-based multigene models that 

predict the prognosis of prostate cancer, the aim of this study is to achieve early 

detection of metastatic prostate cancer, which can help clinical decision-making. 48,49  

The clinical significance of the 6 genes that we identified remains unclear for metastatic 

prostate cancer. Nevertheless, the diagnostic applications of CTC-based multigene profiling 

continue to evolve and this strategy may complement other biomarker measurements for 

evaluating disease progression and treatment response. This diagnostic method may also 

decrease the possibility of false-negative findings for metastatic lesions during radiographic 

imaging. This is important because conventional imaging using computed tomography and 

bone scans has limited sensitivity for staging high-risk localized prostate cancer. Thus, 

genomic information from CTCs might guide better metastasis identification and treatment 

selection, which could help improve survival outcomes because timely treatment at a low 

tumor burden is associated with better efficacy.50  

This study has a few limitations. First, our CTC assay may be confounded by the biased 

selection of cells, and the prognosis of patients with metastatic breast cancer is reportedly 

associated with the presence of mesenchymal and stem cell markers in CTCs. However, we 

used standard epithelial antigen-based technology to detect EpCAM on the CTCs. Second, 

given the broad and variable relationship between the epithelial-mesenchymal transition and 

patient prognosis, the mechanism for prostate cancer progression may not be completely 

explained by the biomarkers that we evaluated (AR, AR-V7, PSA, PSMA, EpCAM, KRT19). 

Third, the present study involved a relatively small sample of patients and controls, and larger 
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prospective studies are needed to validate our findings. 

5. Conclusion

This study revealed that our lateral magnetophoretic microseparator was effective for 

isolating CTCs from the blood of patients with prostate cancer, and the resulting CTCs could 

be used for accurate analyses of genetic information via RT-ddPCR. The results indicated 

that the CTC count increased at later stages of prostate cancer and in proportion to the serum 

PSA levels. Moreover, the CTC-based genetic information suggests that prostate cancer 

progression was related to the expression of prostate- and epithelial-specific genes that 

encode AR, AR-V7, PSA, PSMA, EpCAM, and KRT19. While further studies are needed to 

validate our results, we suggest that CTC-based multigene profiling may be a useful strategy 

for diagnosing metastatic prostate cancer and guiding related treatments. 
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Figure legends

Figure 1. (A) The sample preparation procedure involved (i) removing red blood cells 

(RBCs) using a Ficoll gradient, (ii) adding antibodies that specifically bind to membrane 

EpCAM on CTCs, and (iii) adding immunomagnetic nanobeads (OD: 50 nm) to bind the 

anti-EpCAM antibodies. (B) An illustration presenting the working principle for using the 

lateral magnetophoretic microseparator to isolate the CTCs from prepared blood sample. 

(C) A sample is used to determine the number of isolated CTCs and WBCs using 

immunofluorescent image analysis. (D) The other sample is used for genomic analysis 

using RT-ddPCR.

Figure 2. (A) The lateral magnetophoretic microseparator and its experimental set-up, including 

two stacked neodymium-iron-boron permanent magnets and a vacuum tube applying −50 kPa 

of pressure to assemble the disposable polymeric superstrate and the reusable substrate. 

Magnified views show the three spots in the microchannel where the CTCs are separated from 

the blood by the lateral magnetic force and flow into the CTC outlet. (i) A magnified view of the 

sample and buffer injection channel, with the blood sample entering the upper channel 

because of laminar flow. (ii) The middle region of the microchannel allows for lateral 

isolation of the CTCs by the ferromagnetic wires. (iii) The CTC isolation is completed via the 

CTC outlet, while most WBCs continue to flow through the waste outlet. (B) 

Immunofluorescent images of the retrieved LNCaP cells and co-isolated WBCs, which were 

stained using SYTO 13 dye (green) for LNCaP cells and SYTO 64 dye (red) for nucleated 

cells (LNCaP cells and WBCs). (C) The recovery rates for LNCaP cells from spiked healthy 

blood samples using the lateral magnetophoretic microseparator and various flow rates. (D) 

The numbers of contaminated WBCs and the WBC depletion rates. (E) The purity rates for 

LNCaP cells. Approximately 100 LNCaP cells were spiked into 5 mL of peripheral blood 

from a healthy donor and tagged using anti-EpCAM*-based magnetic nanobeads, with 

retrieval performed at sample and buffer flow rates of 1 mL/h, 2 mL/h, and 4 mL/h (external 

magnetic flux: 0.2 T). Error bars represent the standard deviation for three measured datasets.
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Figure 3. (A) Confocal microscopy of the CTCs and WBCs isolated from blood samples 

obtained from patients with local prostate cancer, mHSPC, and mCRPC. Positivity for pan-

cytokeratin (green) was used to identify CTCs and positivity for CD45 (red) was used to 

identify WBCs. (B) The numbers of isolated CTCs and WBCs per milliliter of blood and the 

serum PSA levels. (C) The WBC depletion rate and (D) the purity of CTCs at each stage of 

prostate cancer.

Figure 4. The detection rates and expression levels (copies/µL) of the target genes in CTCs 

according to prostate cancer stage: (A,B) AR, (C,D) AR-V7, (E,F) PSA, (G,H) PSMA, (I,J) 

EpCAM, and (K,L) KRT19. Blood samples were obtained from healthy donors (HD, n = 5) 

and patients with localized prostate cancer (n = 26), mHSPC (n = 10), or mCRPC (n = 28).

Figure 5. (A) The numbers of isolated CTCs from healthy donors and prostate cancer 

patients. (B) A two-dimensional heat map with each column representing a different patient 

and each row representing gene expression levels matched to the number of isolated CTCs. 

The log-transformed data for gene expression were converted to z-scores [-2, 4]. The 

heatmap color spectrum represents relative over-expression (red) to under-expression (white). 

Figure 6. The accuracies of the models for predicting advanced prostate cancer. The receiver 

operating characteristic curves were used to compare the accuracies of AR, AR-V7, KRT19, 

EpCAM, PSA, PSMA, and the multigene model for identifying mHSPC or mCRPC.

Supporting Information list

Table S1. Pre-amplification primer sequences with product sizes

Table S2. Primer sequences and product sizes of the target genes

Table S3. Overview of microfluidic techniques for isolating CTCs from patients with 

prostate cancer

Figure S1. The chromium preparation to fabricate the disposable superstrate (a), the 

microchannel mold and vacuum trench fabrication (b), the polydimethylsiloxane (PDMS) 

molding process (c), bonding the PET release film to the PDMS replica using oxygen treatment 

(d), seedlayer preparation for the reusable substrate (e), patterning the ferromagnetic wire (f), 

electroplating the ferromagnetic permalloy (g), polishing the electroplated surface (h), and 

assembly of the microseparator device (i).

Figure S2. The target gene set-up using LNCaP cells to evaluate the threshold amplitudes of 

the original cDNA templates and the serially diluted pre-amplified samples. The results are 
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shown for (a) androgen receptor (AR), (b) androgen receptor variant 7 (AR-V7), (c) prostate-

specific antigen (PSA), (d) prostate-specific membrane antigen (PSMA), (e) epithelial cell 

adhesion molecule (EpCAM), and (f) cytokeratin 19 (KRT19), as well as (g) the summarized 

gene expressions to verify the pre-amplification set-up.

Figure S3. Target gene threshold concentrations. The concentrations were 0.21 copies/µL for 

AR, 0.2 copies/µL for AR-V7, 0.12 copies/µL for PSA, 0.22 copies/µL for PSMA, 0.29 

copies/µL for EpCAM, and 0.12 copies/µL for KRT19.

Figure S4. Optimization for the patient sample testing was performed using pre-amplified 

cDNA templates, which were diluted 1/2, 1/5, and 1/10 to evaluate for separation between 

positive and negative signals. The results are shown for (a) androgen receptor (AR), (b) 

androgen receptor variant 7 (AR-V7), (c) prostate-specific antigen (PSA), (d) prostate-

specific membrane antigen (PSMA), (e) epithelial cell adhesion molecule (EpCAM), and (f) 

cytokeratin 19 (KRT-19).

Figure S5. Optimization of the target gene concentrations using blood samples from 7 

patients (2 cases of localized T2 disease [L1 and L2], 2 cases of metastatic hormone-sensitive 

prostate cancer [HS1 and HS2], and 3 cases of metastatic castration-resistant prostate cancer 

[CR1, CR2, and CR3]). The pre-amplified samples were diluted 1/2, 1/5, and 1/10 for each 

patient sample and the copy number (concentration) was measured based on the threshold 

copy number to detect (a) androgen receptor (AR), (b) androgen receptor variant 7 (AR-V7), 

(c) prostate-specific antigen (PSA), (d) prostate-specific membrane antigen (PSMA), (e) 

epithelial cell adhesion molecule (EpCAM), and (f) cytokeratin 19 (KRT-19).

Figure S6. Pictures of the isolated circulating tumor cells (CTCs) and co-isolated nucleated 

cells (WBCs) using confocal microscopy. The cases involved localized T2 disease (Local), 

metastatic hormone-sensitive prostate cancer (mHSPC), and metastatic castration-resistant 

prostate cancer (mCRPC). Positivity for pan-cytokeratin (green) was used to identify the 

CTCs and positivity for CD45 (red) was used to identify the WBCs. 

Document S1 : Fabrication of the lateral magnetophoretic microseparator

Document S2. Protocol for mRNA extraction and cDNA synthesis

Document S3. Preamplification

Document S4. Target gene evaluation using ddPCR 

Document S5. Patient sample evaluations
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Table 1. Demographic characteristics and clinical features of the patients with prostate cancer 

 Localized stage Metastatic stage 

 T2 T3 T4 mHSPC mCRPC 

 (N*=11, 

n†=11) 

(N=9, n=9) (N=6, n=6) (N=10, n=10) (N=23, n=28) 

Age, median, IQR, 

years 
70 (55-84) 71 (62-76) 72 (59-80) 75 (64-80) 75 (57-84) 

PSA, median, IQR, 

ng/ml 

8.9  

(4.2-11.6) 

12.5  

(8.3-16.9) 

23.3  

(14.5-36.8) 

126.2  

(85.2-155.2) 

98.4 

(30.6-150.8) 

Gleason score (%)      

6 7 (63.6) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0) 

7 2 (18.2) 4 (44.5) 1 (16.7) 0 (0.0) 2 (8.7) 

8 2 (18.2) 1 (11.1) 2 (33.3) 5 (50.0) 6 (26.1) 

9 0 (0.0) 4 (44.4) 3 (50) 3 (30.0) 11 (47.8) 

10 0 (0.0) 0 (0.0) 0 (0.0) 2 (20.0) 4 (17.4) 

Node metastasis (%)       

Yes 0 (0.0) 0 (0.0) 1 (16.7) 6 (55.6) 11 (4.3) 

No 11(100.0) 9 (100.0) 5 (83.3) 4 (44.4) 12 (4.3) 

Visceral or Bone 

metastasis (%) 

     

Yes 0 (0.0) 0 (0.0) 0 (0.0) 10 (100.0) 23 (100.0) 

No 11 (100.0) 9 (100.0) 6 (100.0) 0 (0.0) 0 (0.0) 

Prior therapy (%)      

None 11 (100.0) 9 (100.0) 6 (100.0) 2 (20.0) 0 (0.0) 

Radiation - - - 1 (10.0) 11 (39.2) 

Taxane - - - 0 (0.0) 5 (17.9) 

Estramustine 

Phosphate 

- - - 0 (0.0) 1 (3.5) 

GnRH** - - - 7 (70.0) 4 (14.3)) 

Anti-androgen - - - 0 (0.0) 11 (39.2) 

Abiraterone - - - 0 (0.0) 2 (7.1) 
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Enzalutamide - - - 0 (0.0) 5 (17.9) 

N*: The number of patients, n†: The number of blood samples, PSA: prostate-specific 

antigen, mHSPC: metastatic hormone-sensitive prostate cancer, mCRPC: metastatic 

castration-resistant prostate cancer, GnRH: gonadotropin-releasing hormone.  
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