Pre prints.org

Article Not peer-reviewed version

Precise Detection and
Transcriptomic Concordant
Analysis of Circulating Tumor Cells
from Prostate Cancer

Hyungseok Cho, Ki-Ho Han : , Jae-Seung Chung : , Seok-Soo Byun, Jae Il Chung, Won Ik Seo,
Chan Ho Lee

Posted Date: 27 October 2023
doi: 10.20944/preprints202310.1760.v1

Keywords: prostate cancer; circulating tumor cells; lateral magnetophoresis; prostate-specific antigen;
prostate-specific membrane antigen; biomarker; liquid biopsy

Preprints.org is a free multidiscipline platform providing preprint service that
is dedicated to making early versions of research outputs permanently
available and citable. Preprints posted at Preprints.org appear in Web of
Science, Crossref, Google Scholar, Scilit, Europe PMC.

Copyright: This is an open access article distributed under the Creative Commons
Attribution License which permits unrestricted use, distribution, and reproduction in any
medium, provided the original work is properly cited.



https://sciprofiles.com/profile/725627
https://sciprofiles.com/profile/1220971

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 October 2023 doi:10.20944/preprints202310.1760.v1

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and

contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting
from any ideas, methods, instructions, or products referred to in the content.

Article

Precise Detection and Transcriptomic Concordant
Analysis of Circulating Tumor Cells from Prostate
Cancer

Hyungseok Cho !, Ki-Ho Han *, Jae-Seung Chung 3%, Seok-Soo Byun 2, Jae Il Chung 4,
Won Ik Seo ¢ and Chan Ho Lee ¢

1 Department of Nanoscience and Engineering Center for Nano Manufacturing, Inje University, Gimhae,
Republic of Korea; biomems@inje.ac.kr (H.C.)

2 Department of Urology, Seoul National University Bundang Hospital, Seongnam, Republic of Korea

3 Department of Urology, Haeundae Paik Hospital, Inje University College of Medicine, Busan, Republic of
Korea

4 Department of Urology, Busan Paik Hospital, Inje University College of Medicine, Busan, Republic of
Korea

* Correspondence: mems@inje.ac.kr (K.-H.H.); biogen@hanmail.net (J.-S.C.);
Tel.: +82-55-320-3715 (K.-H. H.); +82-51-797-2260 (J.-S.C.)

Abstract: This study focused on the precise detection and concordant analysis of circulating tumor cells (CTCs)
to verify the usefulness of CTCs as promising clinical markers. CTCs are traditionally achieved using immune-
fluorescence and morphological techniques. By combining two prostate cancer-specific genes (PSA and PSMA)
and two epithelial-specific genes (EpCAM and KRT19), the CTC detection efficiency can be enhanced. The
detection rates of localized prostate cancer (LPC), locally advanced prostate cancer (LAPC), metastatic
hormone-sensitive prostate cancer (mHSPC), and metastatic castration-resistive prostate cancer (mCRPC) were
63.04 % (29/46), 70.59% (34/51), 94.34% (50/53), and 90% (126/140), respectively. Subsequent correlation analysis
between the four genes, baseline PSA, and CTC count revealed that only the CTC count correlated with baseline
PSA in the localized stages of prostate cancer, whereas all four genes were correlated with baseline PSA and
CTC count in the metastatic stages of prostate cancer. The precise detection of CTCs using both numerical and
transcriptomic analyses can improve the accuracy of biomarker investigations. This study provides valuable
insights into the limitations of serum PSA testing and offers a promising alternative to diagnose and manage
prostate cancer via the CTC number and specific genes for prostate cancer.

Keywords: prostate cancer; circulating tumor cells; lateral magnetophoresis; prostate-specific
antigen; prostate-specific membrane antigen; biomarker; liquid biopsy

1. Introduction

Serum prostate-specific antigen (sPSA), a standardized diagnostic/prognostic marker for
prostate cancer (PC), is widely used for real-time monitoring of patient status and provides guidance
for the clinical management of PC. Although sPSA is conventionally used as a prostate marker, the
low specificity and sensitivity of sPSA tests may lead to the overdiagnosis of PC and uncertainty
regarding a patient’s cancer status [1-3]. Therefore, the use of liquid biopsy-based biomarkers,
including circulating tumor cells (CTCs), exosomes, and circulating nucleic acids (ctDNA and
ctRNA), has been proposed.

CTCs are considered surrogate and predictive markers as they have two distinguishable
features: the isolated number (CTC#) and the genomic materials [4,5]. The exact pattern of isolated
CTCs and their genomic expression during cancer stages are essential for precise diagnoses and
prognoses in cancer management. Furthermore, CTCs should reflect the patient’s clinical status at
the time of blood sampling [6]. For clinical usability, the CTC# and genomic materials should be
compared or validated using standardized clinical markers such as sPSA levels, Gleason score (GS),
bone scan index, alkaline phosphatase levels, and lactase dehydrogenase levels [6-8].

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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In the basic hypothesis, a reduction in tumor size is mirrored by decreased sPSA levels and
growing tumors are detected by increased sPSA levels [3,9]. Cancer-related genomic materials can
spread into the blood circulation depending on the tumor’s aggressiveness during the
primary/metastatic stages [10-12]. The CTC# may increase in a dose-dependent manner based on
changes in cancer progression and clinical stage. The CTC# is correlated with the upregulation of
cancer-associated genes [13]. However, the relationship between the CTC# and gene expression in
different prostate cancer stages remains unclear.

Several studies have reported that an increased CTC# is related to overall survival and
biochemical recurrence (BCR) in patients with PC [14-17]. Baseline CTC# have been compared with
sPSA levels to verify the use of CTC features to predict survival, risks, and metastasis using the US
Food and Drug Administration-approved CTC assay Cellsearch (MENARINI Silicon Biosystems,
Italy) [7,8,18,19]. However, the CTC# was not associated with clinical status or cancer stage in a
previous study [20], and CTCs were not detectable during the early stages of PC [21] due to the low
detection rate, limiting its clinical usefulness. Furthermore, the concordance analysis did not show
the same tendencies across all stages of PC.

The genomic approach is based on the transcriptomic abundance of sPSA [22,23], prostate-
specific membrane antigen (PSMA) [19,24,25], prostate stem cell antigen [26], as well as various gene
combinations [27] that are measured using real-time polymerase chain reaction (RT-PCR). Although
reasonable clinical signatures have been identified, this method is limited clinically by its low
sensitivity and specificity [22,24,28]. The genomic detection-based assay AdnaTest (QIAGEN,
Germany) was developed using mRNA-PSA, PSMA, and EGFR genes. Although gene-based
approaches demonstrate clinically meaningful results [29], this method is hard to reflect whole
characteristics of patients because of exception in CTC# [30]. Therefore, the use of the co-analytical
approach to characterize the CTC tendencies at different clinical stages using genomic patterns
remains controversial. In addition, several studies have reported correlations between clinical
outcomes and CTC# in patients with PC [31,32], though there is a lack of studies regarding the
relationship of CTC# and mRNA-based transcriptomic levels at specific biopsy time points. The CTC#
in patients with metastasis is crucial for cancer management when combined with sPSA level as
radical clinical changes occur in these patients as the disease progresses [4,7]. Therefore, the
correlations between the CTC# isolated and pathological stages of PC have not yet been clearly
identified. In addition, the correlation of cancer-related mRNA expression levels in CTCs and with
the CTC# and sPSA levels remains unclear. Consequently, the precise CTC# should be analyzed in
concordance with genomic information for each stage of prostate cancer compared with standardized
clinical markers. To derive accurate clinical results using CTCs, precision isolation techniques that
can separate precise and sufficient quantities of CTCs are needed. After separation, it is essential to
accurately determine the presence or absence of CTCs as CTC detection is not precise when
conventional imaging techniques are used. These limitations can be effectively addressed by
detecting genes specific to both PC and CTCs.

This study reports a sensitive and highly reproducible CTC isolation technology based on lateral
magnetophoresis using a microfluidic manufacturing process. This demonstrates the isolation
efficiency and clinical utility in patients with breast [33], pancreatic [34,35], and prostate cancer
[30,34,36,37] using information regarding the CTC# and the genomic analysis of CTC genes. In this
study, we analyzed the precise CTC detection rates of four transcriptomic genes derived from CTCs:
mRNA-based PSA and PSMA for prostate cancer, and EpCAM and KRT19 for epithelial-specific
genes, using conventional imaging techniques. Then, a concordance analysis assessing the baseline
sPSA concentration, CTC#, and four transcriptomic genes was subsequently conducted to investigate
the clinical role of CTCs as a surrogate biomarker in patients with PC.
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2. Materials and Methods

2.1. Patients

Blood samples from patients with localized prostate cancer (LPC) (n=46), locally advanced
prostate cancer (LAPC) (n=51), metastatic hormone-sensitive prostate cancer (mHSPC) (n=53), and
metastatic castration-resistant prostate cancer (nCRPC) (n=140) were used in the current study (Table
1). Samples from healthy donor (HD) (n=9) and patients with benign prostatic hyperplasia (BPH) (n
=21) were also included. All patients provided written informed consent and the study was approved
by the appropriate institutional review boards.

Table 1. Characteristics and clinical features of the recruited prostate cancer patients.

Localized stage Metastatic stage
LPC (n=46) LAPC (n=51) mHSPC (n=53) mCRPC (n=140)
Age, median, IQR, years  69.1 (54-83) 73.1 (59-86) 73.7 (56-87) 74.2 (50-86)
PSA, median, IQR, ng/ml 8.0 (1.91-22.8) 39.1(0.01-168)  504.3 (0.05- 187.9 (0.01-2787)
5000)
Gleason Score (%)
6 60.9 7.8 7.5 0.7
7 28.2 27.5 17.0 10.0
>8 10.9 60.8 75.5 83.6

2.2. Sample preparation

To enhance the isolation efficiency, red blood cells (RBCs) were initially separated via density
gradient centrifugation at 700 x g for 30 min in Ficoll solution (1.119 g/mL, Histopaque-1119, Sigma-
Aldrich). The resulting buffy coat layer was collected and introduced into 10 mL of ice-cold
phosphate-buffered saline (PBS; GenDEPOT) containing 0.2% bovine serum albumin (BSA;
AMRESCO). Subsequently, the nucleated cells were resuspended in 200 pL of ice-cold PBS with 0.2%
BSA inside a 1.5-mL microcentrifuge tube. After cleansing, the nucleated cells were resuspended in
200 pL of the ice-cold PBS-BSA solution. Antibodies targeting EpCAM and magnetic nanobeads were
added and the samples incubated at 4°C for 60 and 90 minutes, respectively (Figure 1a). The final
suspension was adjusted to a volume of 1 mL using 800 uL of the ice-cold PBS solution containing
0.2% BSA.

2.3. CTC isolation

The CTCs were separated using a disposable CTC microseparator (CTC-duChip) with lateral
magnetophoretic technology. This device consists of a disposable microchannel designed for single-
use applications and a reusable wire substrate that simply assembled using vacuum application
(Figure 1b). The prepared sample was injected into the sample inlet of the chip as the buffer solution
was introduced into the buffer inlet at flow rates of 2 ml/h. The separation process typically occurred
within 30 min. Upon injection, the CTCs specifically bound to the EpCAM antibody and
immunomagnetic beads immediately encountered the first ferromagnetic wire and were pulled
downward. Subsequently, lateral fluidic forces flowing in the direction of the fluid velocity pushed
the CTCs toward another ferromagnetic wire that pulled the cells downward. Ultimately, the CTCs
were separated and exited through the CTC outlet located at the bottom of the chip. The separated
CTCs were used for the subsequent count analysis and mRNA gene analysis (Figure 1c). Each blood
sample was separated into two equal halves that were used for the CTC# analysis and mRNA-gene
detection. The detailed device fabrication and working principle with analytical results have been
reported previously [33,36].

doi:10.20944/preprints202310.1760.v1
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Figure 1. Overview of the experimental workflow. (a) Samples were provided from patients in
control groups (HD, n=9; BPH, n=21) and prostate cancer groups (LPC, n=46; LAPC, n=51; mHSPC,
n=53; mCRPC, n=140) and labeled with the EpCAM antigen and immunomagnetic nanobeads. (b) A
disposable CTC microseparator (CTC-duChip) showing (i) the disposable microchannel with
reusable wire substrate and (ii) assembly via a vacuum system are shown. (c) The working principle
of CTC isolation is presented: (i) Injected CTCs from the sample inlet, (ii) laterally isolated CTCs in
the microchannel center, and (iii) final CTC isolation at the CTC outlet. (d) Analysis of isolated CTCs:
Half of the patient’s blood was used for CTC detection using the immune-fluorescence method while
the remaining half was used for transcriptomic detection via the ddPCR method. The precise
identification of CTCs integrated both numerical and mRNA-gene detections. Subsequent correlation
analyses considered three factors: CTC#, baseline PSA, and mRNA-genes. Abbreviations: circulating
tumor cells (CTCs), white blood cells (WBCs), healthy donor (HD), benign prostatic hyperplasia (BPH),
localized prostate cancer (LPC), locally advanced prostate cancer (LAPC), metastatic hormone-sensitive
prostate cancer (mHSPC), metastatic castration-resistive prostate cancer (mCRPC), prostate cancer (PC),
epithelial cell adhesion molecules (EpCAM), cytokeratin 19 (KRT19), prostate specific antigen (PSA), prostate
specific membrane antigen (PSMA).

2.4. CTC enumeration

The samples containing CTC and co-isolated white blood cells (WBCs) were fixed with 100 pL
of 4% paraformaldehyde during a 10-min incubation. For nuclei labeling, 20 uL of DAPI (Invitrogen)
was used. Concurrently, WBCs were distinctly labeled using 2.5 puL of Alexa Fluor 647 antibodies
(Biolegend) against CD45 after a 30-min incubation at 4°C. To permeabilize the cell membranes, 200
uL of 0.2% Triton X-100 (AMRESCO) was applied for 5 min under room conditions. The CTCs were
stained using 0.3 uL of Alexa Fluor 488 antibodies targeting pan-cytokeratin (eBioscience). Following
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immune-fluorescence staining, the CTCs and WBCs were counted using a confocal microscope
(LSM800, Carl Zeiss) (Figure 1d and Figure 2). The counts were normalized based on the blood
volume used, resulting in a representation of cells/mL for easier comparative analyses. The optimal
cutoff value for the detection rate was 2.1 CTCs/mL, which was set based on the highest CTC count
of the HD samples. The purity rate of the isolated CTCs was calculated as the ratio of CTCs to the
total number of enumerated nucleated cells (CTCs/CTCs+WBCs).

Pan-
Morphology Nucleus Cytokeratin CD45
(Bright field) (DAPI)  (Alexa-488) (Alexa-647) Merged

LPC

mHSPC LAPC

mCRPC

3

Figure 2. Isolated CTCs. Circulating tumor cells (CTCs) derived from patients with prostate cancer
are categorized by their respective clinical stages: LPC, LAPC, mHSPC and mCRPC (Scale bar: 10
pum). Abbreviations: localized prostate cancer (LPC), locally advanced prostate cancer (LAPC),
metastatic hormone-sensitive prostate cancer (mnHSPC), metastatic castration-resistive prostate cancer
(mCRPC).

2.5. Transcriptomic detection

mRNA-PSA, PSMA, mRNA-EpCAM, and KRT19 were detected in the CTC samples (Figure 1d).
mRNA-GAPDH was used as the housekeeping gene, and mRNA-CD45 as the leukocyte-specific
control gene. The mRNA was extracted, followed by cDNA synthesis (Supplementary S1), and a pre-
amplification process to enhance detection efficiency (Supplementary S2). The amplified template
underwent droplet digital PCR (ddPCR; QX200, Bio-Rad) for final gene detection (Supplementary
S3). The primer sequences and product sizes for the four genes are listed in Table S1. The cutoff values
for each gene were determined previously [36]. Each cut-off value was increased by 0.001 copies/uL
for log-scale transformation. To ensure accurate genomic analyses, the detection thresholds were 0.12
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copies/uL for PSA, 0.22 copies/uL for PSMA, 0.29 copies/pL for EpCAM and 0.12 copies/pL for KRT19
determined based on the maximum values that were measured in no-template control samples [36].

2.6. CTC detection criteria

The precise detection of CTCs was confirmed using a numerical analysis based on immune-
fluorescence with a morphology analysis conducted using a confocal microscope. If one of the two
epithelial genes (EpCAM and KRT19) is detected and, concurrently, one of the two prostate cancer-
specific genes (PSA and PSMA) is detected, it was considered that CTCs are present. In other words,
at least one of each type of gene must be detected simultaneously for the sample to be considered as
having CTCs even if CTCs were not detected during the numerical analysis. The final detection rate
was derived from the sum of the detection rates obtained via the numerical and mRNA-gene analyses
(Figure 1d).

2.7. Statistical analysis

Pearson’s correlation coefficient was calculated using OriginPro (version 2023b; OriginLab). All
statistical analyses were performed using SPSS (version 24.0). Statistical significance was set at p <
0.05. All graphs and heat maps were created using OriginPro 2023b (OriginLab) and Excel
(Microsoft).

3. Results

3.1. Numerical analysis

The number of CTCs isolated increased as the clinical stage of the disease progressed (Figures
3a-b). The number of CTCs was normalized per mL of blood. The threshold value of CTC# was set at
2.1 CTCs/mL, which is 0.1 CTCs/mL above the highest CTC# isolated from healthy donors (Figure
3c). The average CTC# was 0.58 CTCs/mL in the HD samples, 0.93 CTCs/mL in the BPH samples, 2.11
CTCs/mL in the LPC samples, 4.90 CTCs/mL in the LAPC samples, 10.66 CTCs/mL in the mHSPC
samples, and 15.97 CTCs/mL in the mCRPC samples (Figure 3c). Based on the cutoff value, the
detection rate of CTCs was 14.29% (3/21) in the BPH samples, 47.83% (22/46) in the LPC samples,
62.75% (32/51) in the LAPC samples, 83.02% (44/53) in the mHSPC samples, and 85.71% (120/140) in
the mCRPC samples (Figure 3d). The average purity rates of the BPH, LPC, LAPC, mHSPC, and
mCRPC samples were 0.36%, 0.91%, 1.73%, 2.47%, and 3.17%, respectively (Figure 3e). The CTC#,
CTC detection rate, and CTC purity rate increased as the clinical stage of disease progressed.
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Figure 3. Numerical results of isolated CTCs. (a) The CTC# and the co-isolated white blood cell
(WBC) counts are shown for the control groups, HD and BPH, and patients diagnosed with localized
and locally advanced prostate cancer. (b) A detailed representation of the CTC# and co-isolated WBC
count from patients with metastatic prostate cancer stages, including mHSPC and mCRPC is shown.
(c) The CTC# detection threshold is set at 2.1 CTCs/mL. (d) The rate of CTC detection achieved using
the immune-fluorescence method is shown for different clinical states of PC. (e) The purity rate of the
isolated CTCs showed an upward trend as the clinical stages of prostate cancer progress.
Abbreviations: circulating tumor cells (CTCs), white blood cells (WBCs), healthy donor (HD), benign
prostatic hyperplasia (BPH), localized prostate cancer (LPC), locally advanced prostate cancer
(LAPC), metastatic hormone-sensitive prostate cancer (mHSPC), metastatic castration-resistive
prostate cancer (mCRPC), prostate cancer (PC).

3.2. Transcriptosome analysis

The expressions of mRNA-PSA, PSMA, EpCAM, and KRT19 genes were not detected in one
BPH sample and one mHSPC sample due to poor sample quality or technical issues. The threshold
value of each gene was determined (Figure 4).

The mean expression and the detection rate of PSA-mRNA were 0.08 copies/pL and 15% (3/20)
in BPH samples; 0.06 copies/pL and 13.04% (6/46) in LPC samples; 0.07 copies/pL and 15.69% (8/51)
in LAPC samples; 7229.58 copies/uL and 61.54% (32/52) in mHSPC samples; and 4970.53 copies/uL
and 63.57% (89/140) in mCRPC samples (Figure 4a and 4b). The expression level of PSA mRNA was
significantly higher in the metastatic stages of PC than in the localized stages (p<0.01). As shown in
Figure 4c, PSMA-mRNA exhibited a similar expression pattern as PSA-mRNA. The mean expression
and detection rate of PSMA-mRNA were 2.51 copies/uL and 15% (3/20) in BPH samples; 1.30
copies/pL and 30.43% (14/46) in LPC samples; 0.511 copies/uL and 43.14% in LAPC samples; 21828.14
copies/pL and 63.46% (33/52) in mHSPC samples; and 1512.08 copies/uL and 60% (84/140) in mCRPC
samples (Figures 4c and 4d). The mHSPC samples had the highest expression of PSMA-mRNA. The
detection rate of PSMA mRNA was higher than that of PSA-mRNA in LPC and LAPC samples.
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The mean expression and detection rate of EpCAM-mRNA were 22.24 copies/uL and 44.44%
(4/9) in HD samples; 16.73 copies/uL and 55% (11/20) in BPH samples; 108.88 copies/uL and 56.52%
(26/46) in LPC samples; 11.04 copies/uL and 68.63% (35/51) in LAPCsamples; 640.21 copies/uL and
71.15% (37/52) in mHSPC samples; and 303.77 copies/uL and 72.86% (102/140) in mCRPC samples
(Figure 4e and 4f). The mean expression and detection rates of KRT19-mRNA were 333.38 copies/uL
and 22.22% (2/9) in HD samples; 7.34 copies/pL and 45% (9/20) in BPH samples; 0.76 copies/uL and
28.26% (13/46) in LPC samples; 0.59 copies/uL and 27.45% (14/51) in LAPC samples; 21671.90
copies/pL and 65.38% (34/52) in mHSPC samples; and 1245.29 copies/uL and 65% (91/140) in mCRPC
samples (Figure 4g and 4h). The pattern of KRT19-mRNA mRNA detection was similar to those of
mRNA-PSA and PSMA, including overexpression in the metastatic samples.
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Figure 4. Expression level of genes and detection rate. (a) The expressions of PSA-mRNA are shown
in patients with different stages of PC. (b) PSA-mRNA was detected at a threshold of 0.12 copies/uL.
(c) The PSMA-mRNA expressions of each sample group are shown. (d) The detection rate of PSMA-
mRNA is shown, using a specific cut-off value of 0.22 copies/uL to determine the relevant expression
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levels. (e) The expression of EpCAM-mRNA shows its relative abundance in the sample groups. (f) A
threshold of 0.29 copies/uL EpCAM-mRNA is used to show significant detection levels. (g) The
expression dynamics of KRT19-mRNA are illustrated, focusing on its distribution during the stages
of prostate cancer. (h) The detection rate for KRT19-mRNA is shown. A cut-off value of 0.12 copies/uL
was used. Abbreviation: healthy donor (HD), benign prostatic hyperplasia (BPH), localized prostate
cancer (LPC), locally advanced prostate cancer (LAPC), metastatic hormone-sensitive prostate cancer
(mHSPC), metastatic castration-resistive prostate cancer (mCRPC), prostate cancer (PC), epithelial
cell adhesion molecules (EpCAM), cytokeratin 19 (KRT19), prostate specific antigen (PSA), prostate
specific membrane antigen (PSMA).

3.3. Precise detection of CTCs

In LAPC, as the baseline PSA levels increase, there is a tendency for the number of CTCs to
increase, but the trends in gene expression are not distinctly visible (Figure 5a(i)-(iii). However, in the
metastatic groups, as the baseline PSA levels increase, the expression of the genes displayed on the
heatmap shows an increasing pattern, and increasing tendency observed in the number of CTCs in
mHSPC rather than mCRPC (Figure 5b(i)-(iii)). In addition, When CTCs were not detected, they were
frequently identified in localized PC group samples using transcriptomic detection methods. But
significant CTC# were already detected in the metastatic PC groups using a numerical analysis
(Figure 5a(iv) and 5b(iv)). Therefore, the transcriptomic detection method did not substantially affect
this stage. However, the CTC detection rate was low in localized PC groups, and the transcriptomic
detection method can be used to localized PC group to increasing the detection rate.

The final detection rates of CTCs were 28.57% (3+3/21) in BPH samples; 63.04% (22+7/46) in LPC
samples; 70.59% (32+4/51) in LAPC samples; 94.34% (44+6/53) in mHSPC samples; and 90%
(120+6/140) in mCRPC samples (Figure 5c).

3.4. Correlative analysis

In a comprehensive scatter plot representation, mRNA-genes were showcased using combined
morphological and genomic positive samples. Following this, Pearson’s correlation was derived
through linear regression analysis. Primarily, genes specific to prostate cancer were discerned for
their correlation with baseline PSA concentrations and CTC#. Figures 6(a) and 6(b) displayed the
relationship between PSA-mRNA and PSMA-mRNA genes vis-a-vis the baseline PSA concentration.
Interestingly, some mCRPC samples denoted minute transcriptomic concentrations (0.001
copies/uL), yet the correlations for both genes remained significant: PSA-mRNA [mHSPC: R=0.486
(p<0.001); mCRPC: R=0.656 (p<0.001) in Figure 6(a)] and PSMA-mRNA [mHSPC: R=0.528 (p<0.001);
mCRPC: R=0.533 (p<0.001) in Figure 6(b)]. CTC# correlations to baseline PSA concentration were
elucidated in Figure 6(c), wherein LPC and LAPC stages exhibited associations [LPC: R=0.419
(p=0.023); LAPCa: R=0.551 (p<0.001)], mirroring our previous research outcomes. Notably, in the
CTC# analysis, the mHSPC stage manifested the most potent correlation with baseline PSA
concentrations [R=0.669 (p<0.001)], indicating potential sample size nuances. Furthermore, a
pronounced correlation was discerned between PSA-mRNA and PSMA-mRNA [mHSPC: R=0.676
(p<0.001); mCRPC: R=0.749 (p<0.001)] as depicted in Figure 6(d). These findings align cohesively with
gene expression patterns observed in Figures 4(a) and 4(c). Figures 6(e) and 6(f) present correlations
between the mentioned genes and CTC#, demonstrating robust correlations in mHSPC [PSA-mRNA:
R=0.576 (p<0.001); PSMA-mRNA: R=0.554 (p<0.001)] and moderate associations in mCRPC [PSA:
R=0.378 (p<0.001); PSMA: R=0.413 (p<0.001)].

The interplay between epithelial transcriptomic markers —EpCAM and KRT19—and several
parameters including baseline PSA concentrations, CTC#, and prostate cancer-associated
transcriptomic genes was explored. To start, correlations between EpCAM and KRT19 with baseline
PSA concentrations were exclusively potent in the mCRPC stage as detailed in Figures 6(a) and 6(b)
[EpCAM: R=0.476 (p<0.001); KRT19: R=0.399 (p<0.001)]. Subsequently, a more expansive trend
surfaced when assessing relationships between these epithelial genes and CTC# across mHSPC
[EpCAM: R=0.462 (p<0.001); KRT19: R=0.387 (p=0.007)] and mCRPC stages [EpCAM: R=0.508
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(p<0.001); KRT19: R=0.296 (p=0.007)] (Figures 6(c) and 6(d)). When correlations between these
epithelial genes and mPSA-mRNA were appraised, mHSPC stages exhibited moderate correlations
[EpCAM: R=0.466 (p<0.001); KRT19: R=0.526 (p<0.001)] as presented in Figure 6(e), whereas mCRPC
stages amplified these correlations as represented in Figure 6(f) [EpCAM: R=0.574 (p<0.001); KRT19:
R=0.596 (p<0.001)]. Conclusively, when juxtaposing the epithelial markers with PSMA-mRNA,
analogous patterns as those observed with mPSA-mRNA were evident, showcased in Figures 6(g)

and 6(h).
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The baseline PSA level is displayed up to a maximum value of 200 ng/mL, and the CTC# is shown up
to a maximum of 40 CTCs/mL. (c) The final detection rate of isolated CTCs is analyzed precisely using
both numerical and transcriptomic detection.
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Figure 6. Correlations between CTC#, baseline PSA, PSA-mRNA, and PSMA-mRNA. Each point
represents an individual patient sample, categorized by disease stage: BPH, green; LPC, blue; LAPC,
yellow; mHSPC, orange; and mCRPC, purple. The trend lines follow the same color scheme. (a) The
correlation between baseline PSA levels and PSA-mRNA expression is shown. (b) The correlation
between baseline PSA levels and PSMA-mRNA expression is shown. (c) The correlation between
PSA-mRNA and PSMA-mRNA levels is shown. (d) The correlation between baseline PSA expression
and CTC# is shown. (e) The correlation between CTC# and PSA-mRNA expression is shown. (f) The
correlation between CTC# and PSMA-mRNA expression is shown.
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Figure 7. Correlations between CTC#, baseline PSA, PSA-mRNA, PSMA-mRNA, and epithelial
transcriptomic genes. Each point represents an individual patient sample, categorized by disease
stage: BPH, green; LPC, blue; LAPC, yellow; mHSPC, orange; and mCRPC, purple. The trend lines
follow the same color scheme. (a) The correlation between EpCAM-mRNA expression and baseline
PSA level is shown. (b) The correlation between KRT19-mRNA expression and baseline PSA level is
shown. (c) The correlation between EpCAM-mRNA and expression and CTC# is shown. (d) The
correlation between KRT19-mRNA expression and CTC# is shown. (e) The correlation between
EpCAM-mRNA expression and PSA-mRNA expression is shown. (f) The correlation between KRT19-
mRNA expression and PSA-mRNA expression is shown. (g) The correlation between EpCAM-mRNA
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expression and PSMA-mRNA expression is shown. (h) The correlation between KRT19-mRNA
expression and PSMA-mRNA is shown.

4. Discussion

Precision medicine is essential for cancer treatment, and the detection and identification of
cancer-related biomarkers requires accurate equipment and sensitive gene detection methods. In this
study, prostatic CTCs were isolated using microfluidic-based lateral magnetophoresis and
transcriptomic gene detection was performed using ddPCR to evaluate the precise detection of CTCs.
Then, correlations of CTC data and the clinical stages of PC were analyzed.

As in previous studies [38-40], the CTC# determined using immune-fluorescence and
morphology increased as the PC stage progressed from localized to metastatic stage. Traditional
microfluidic techniques for isolating CTCs from patients with PC relied on ligands expressed on the
cancer cell surface, such as PSMA or EpCAM, and were predominantly used for to determine the
metastatic stage, though the detection rate was low for localized PC. Furthermore, commercially-
available technologies such as the AdnaTest, which is currently used for CTC isolation and analysis,
does not allow for the quantification of CTCs [30]. Traditional quantification methods include
transcriptomic PSA, PSMA, and EGFR-based techniques. In this study, a more precise CTC
separation and detection technique for patients with PC including the integration of the conventional
immuno-fluorescence and morphological approach with the analysis of four transcriptomic genes is
presented. This technique resulted in a detection efficiency >60% in localized and advanced localized
PC samples and a 20% increase in the detection efficiency compared to that reported in previous our
studies [36,37]. The use of gene-based analyses improves the detection efficiency of CTCs by 5-10%
compared to conventional immuno-fluorescence and morphological methods. Instead of relying
solely on the EpCAM ligand for CTC separation in the blood samples of patients with PC, a more
refined CTC isolation method that incorporates an additional set of genes was developed. The
combined use of two epithelial-and two prostate-specific genes serves as a foundation for more
precise CTC analyses in future studies.

In prostate cancer, the expressions of two PC-specific genes, PSA and PSMA, were correlated
with the baseline PSA levels in metastatic PC samples, indicating that these genes derived from CTCs
could considered as complementary biological and clinical biomarker with serum PSA concentration.
Interestingly, no correlation was observed between baseline PSA and PSA-mRNA and PSMA-mRNA
expressions in samples of localized PC, which may be due to lower detection rates and diminished
expression levels. These findings highlight the potential of incorporating CTCs and gene detection
with conventional PSA analyses as valuable tools for the follow-up of patients with metastatic PC.
The CTC# was correlated with baseline PSA in localized PC samples and with mHSPC PC samples.
These findings suggest that CTC# can be used as a clinically-meaningful marker for the initial
diagnosis of PC and has continued relevance as patients progress from the initial stages of PC to
hormone-responsive metastatic stages of PC. No correlation was observed between CTC# and
baseline PSA level in the mCRPC samples. Moreover, the epithelial genes EpCAM and KRT19 were
correlated with baseline PSA in the mCRPC samples and with CTC# in all metastatic PC samples.
Both epithelial genes were also correlated with PSA-mRNA and PSMA-mRNA expressions in the
metastatic PC samples. These findings highlight the fact that four genes are overexpressed as the
CTC# increases along with their correlation tendency in patients with metastatic PC, suggesting that
these four genes could serve as pertinent markers for diagnosing the metastatic stage of PC or as
prognostic markers during follow-up. However, minimal expression levels of these genes were
detected in localized PC samples.

PSMA, which is overexpressed in patients with recurrent metastatic PC is another potential
biomarker. PSMA-PET/CT is currently used to improve the true-positive rate of clinical decisions.
Mestre et al. and Minner et al. reported correlations between increased sPSA levels and PSMA
PET/CT detection rates [41,42]. Furthermore, PSMA has drawn attention as a target for radionuclides
and immunotherapy in patients with mCRPC [43-45]. Therefore, the results of the current study
demonstrate that the correlation between PSMA-mRNA and sPSA levels could be used as a
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diagnostic marker for PC. The PSA and PSMA genes were strongly correlated with the sPSA levels
in the metastatic PC samples in this study (Figure 6d), indicating that the prostate-related genes were
actively co-expressed depending on the patient’s status, and the combined gene sets may be more
precise indicators of a cancer diagnosis or prognosis.

This study has several limitations. First, the CTC assay relied on epithelial expression for the
enrichment and identification of CTCs, which may have led to the underestimation of clinically-
relevant CTCs undergoing EMT or stem cell-like CTCs. Second, fewer LPC and mHSPC samples were
obtained than mCRPC samples. More samples are necessary to obtain more precise and accurate
clinical data. Third, more in-depth evaluations using isolated numbers and gene expressions are
needed to investigate additional clinical parameters, such as survival probability, biochemical
recurrence, and treatment response. However, in this study, the fundamental tendencies of CTC#
were determined using more precise methods based on the combination of conventional imaging and
transcriptomic analysis that can be applied to other cancer-related investigations.

5. Conclusions

The precise detection and transcriptomic concordance analysis of CTCs from PC using
microfluidic-based lateral magnetophoresis and ddPCR offers a promising alternative for PC follow-
up biomarker. This study provides valuable insights regarding the limitations of sPSA testing and
the potential use of liquid biopsy-based biomarkers for the detection of PC. The results of this study
suggest that the precise detection of CTCs using both numerical and transcriptomic analyses can
improve the accuracy of PC diagnoses and monitoring techniques. Additionally, PSA-mRNA and
PSMA-mRNA derived from CTCs can be used as important markers for PC management. More
research is needed to validate these findings and explore the clinical utility of CTC-based liquid
biopsies for the management of PC.
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