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Background: Prostate-specific antigen (PSA) is used for diagnosing prostate cancer, but does not reflect
the characteristics of prostate cancer cells to allow assessment of cancer progression. PSA mRNA and
circulating tumor cells (CTCs) could be potential biomarkers. However, the relationship between serum
PSA levels and PSA mRNA in CTCs is unclear, and this study aimed to investigate this relationship.
Methods: Healthy donors (HD, n ¼ 9), and patients with local non-metastatic stage prostate cancer
(n ¼ 30), metastatic hormoneesensitive prostate cancer (mHSPC, n ¼ 10), and metastatic castration
eresistant prostate cancer (mCRPC, n ¼ 75), were included. The expression of PSA mRNA in CTCs was
measured by droplet digital PCR. Serum PSA (ng/mL) levels and PSA mRNA (copies/mL) in CTCs were then
compared using Spearman correlation coefficients.
Results: PSA mRNA expression in CTCs was observed in 30% (9/30) of patients with localized cancer,
60.0% (6/10) among patients with mHSPC, 65.3% (49/75) among patients with mCRPC, and 0% among
patients with HD, indicating that the detection rate of PSA mRNA increased with cancer stage. PSA mRNA
expression in CTCs also increased from localized to metastatic stages. PSA mRNA levels rapidly increased
in the mHSPC and mCRPC stages. Interestingly, PSA mRNA expression in CTCs was not correlated with
serum PSA levels at the localized stage (R ¼ 0.064, P ¼ 0.512). However, there were significant corre-
lations between serum PSA levels and PSA mRNA expression in mHSPC (R ¼ 0.532, P ¼ 0.041) and mCRPC
(R ¼ 0.566, P ¼ 0.025). The number of CTCs isolated from mHSPC and mCRPC was not proportional to
serum PSA and PSA mRNA levels.
Conclusion: CTC PSA mRNA has the potential to be used as a biomarker to complement serum PSA
protein analysis or replace serum PSA in metastatic stages of prostate cancer.
© 2022 Asian Pacific Prostate Society. Publishing services by Elsevier B.V. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Prostate-specific antigen (PSA) is an essential blood test for
diagnosing prostate cancer. However, it does not accurately eval-
uate the biological characteristics of prostate cancer cells, and there
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is a need to develop better biological markers to assess the pro-
gression of prostate cancer.1e5 In particular, as the treatment for
metastatic PCa is diversified, there is increased interest in the
development of biomarkers to predict treatment responsiveness.

With the development of technology-capable of detecting
circulating tumor cells (CTCs) shed from primary tumors, many
efforts to utilize CTCs to determine patients’ tumor burden and
cancer progression are being actively pursued. Previous studies
have shown that the number of CTCs detected in the blood of pa-
tients is closely related to survival in patients with prostate
cancer.6e10

Since the discovery that androgen receptor (AR)-targeting
agents are closely related to the AR splice variant expressed on CTCs
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in advanced prostate cancer, CTC-based genomic analysis has been
highlighted.11e13 However, genomic analysis of CTCs remains
challenging despite the development of novel techniques such as
next-generation sequencing and droplet digital PCR (ddPCR)
because of the presence of trace amounts of CTCs in blood. Recently,
technology capable of separating CTCs more effectively has been
developed and can be used for identifying biomarkers in PCa.13e15

Previous work has shown that many CTC based molecules can
be used as a marker to predict the treatment response or prognosis
of patients with PCa.11e13 Among them, PSA mRNA is a very unique
molecule. Since PSA mRNA is produced in epithelial cells of the
prostate, it cannot be detected in the blood of men without PCa.
Thus, detection of PSA mRNA in blood indicates the presence of
prostate-derived cells.

Several studies have previously demonstrated the existence of
CTCs in the presence of PSA transcripts in blood.16e18 Since PSA
mRNA was detected in micrometastatic prostate cancer, the pos-
sibility of PSA mRNA to be used as a predictive marker for prostate
cancer recurrence has been raised.16e20

Although the role of PSA mRNA has not been identified in
localized PCa, PSA mRNA has been reported as an important factor
influencing survival outcomes in patients with metastatic PCa,
including metastatic castrationerefractory prostate cancer
(mCRPC).21e23 It has also been suggested as a biomarker for the
therapeutic responses of abiraterone or enzalutamide.24,25 Pres-
ently, it is unclear whether blood PSA mRNA levels are related to
serum PSA levels.

Although CTCs are being researched as complementary bio-
markers for clinical and molecular analysis of cancer, the relation-
ship between serum PSA levels and PSAmRNA in CTCs has not been
clearly studied. Herein, we evaluated the expression of PSA using
mRNA from isolated CTCs. Ultimately, by investigating the rela-
tionship between CTC-based PSA mRNA and serum PSA levels, we
assessed whether PSA mRNA could be used as a diagnostic or
therapeutic marker for PCa.
2. Material and methods

2.1. Patients and sample preparation

Peripheral blood samples (5 mL) were collected from nine
healthy donors (HD) and 115 prostate cancer patients (30 with
localized cancer, 10 with mHSPC, and 75 with mCRPC) from May
2018 to July 2021 (Table 1). Consent was obtained from all patients
who participated in the study. Our institutional review board
approved the study protocol. Blood samples were collected in
Vacutainer tubes (367525, BD Vacutainer) containing EDTA
(K2EDTA, 18.0 mg) and stored at 4 �C until further processing to
separate CTCs. CTC isolation was performed within 6 h of blood
collection using the following procedure. First, red blood cells were
removed by gradient centrifugation (700�g, 30 min) with a 1.119 g/
mL Ficoll solution (Histopaque-1119, Sigma-Aldrich). Then, the
Table 1
The characteristics and clinical features of the patients

Localized stage

pT2-4
(N ¼ 30)

Age, median, IQR, years 71 (57e81)
PSA, median, IQR, ng/ml 14.5 (6.5e37.8)
Gleason Score (%)
6 10 (33.3)
7 9 (30.0)
� 8 11 (36.7)

mCRPC, metastatic castrationeresistant prostate cancer; mHSPC, metastatic hormonee
buffy coat layer was added to 10 mL phosphate-buffered saline
(PBS) containing 0.2% bovine serum albumin in a 50 mL conical
tube. After washing the nucleated cells, they were suspended in
200 mL of PBS in a 1.5 mL microcentrifuge tube. Following addition
of an EpCAM-targeting antibody, samples were incubated on ice for
60 min, after which an additional antibody for nanobeads (STEM-
CELL Technologies) was added and incubated for 90 min.

Before injecting the sample into the magnetophoretic micro-
separator, the sample was diluted with 800 mL of ice-cold PBS with
0.2% bovine serum albumin.

2.2. Working principle and CTC isolation

We used a previously published experimental technique to
separate CTCs from blood using a disposable lateral magneto-
phoretic microseparator.13,14,26 The microseparator consisted of
reusable substrates with embedded ferromagnetic wires and
disposable superstrates equipped with microchannel networks
(Fig. 1). A high-gradient magnetic field was formed around the
microchannel when a constant external lateral magnetic field was
applied to the reusable substrate mounted on permanent magnets.
To separate the CTCs, the prepared sample was injected into the
sample inlet of the microchannels, and PBS with 0.2% bovine serum
albumin was flushed through the buffer inlet.

Owing to the magnetic field formed around the microchannel,
the CTCs labeled with magnetic beads exited the CTC outlet along
the ferromagnetic wires. On the other hand, non-CTCs did not
attach to the beads and were not collected (Fig. 1).

2.3. CTC enumeration

First, the CTCs andwhite blood cells (WBCs) were fixed in 100 mL
of 4% paraformaldehyde for 10 min. Nuclei were identified using a
nucleic acid fluorescent dye (DAPI, Vector Laboratories, Burlingame,
CA, USA) for fixed cell incubation. Anti-CD45 Alexa Fluor 647 an-
tibodies (BioLegend, San Diego, CA, USA) were used to identify
WBCs. To identify CTCs, fixed cells were additionally incubatedwith
anti-pan-cytokeratin Alexa Fluor 488 antibodies (eBioscience,
Waltham, MA, USA) at 4 �C for 30 min. Immunofluorescent cells
were classified into CTCs or WBCs and were counted under a
confocal microscope (LSM800, Carl Zeiss, Oberkochen, Germany).

2.4. PSA gene expression analysis using RT-ddPCR

PSA gene expression levels were analyzed bymultiplex PCR pre-
amplification and ddPCR after CTC lysis. Table S1 shows the pre-
amplification primer sets for PSA.

Before measuring PSA gene expression using ddPCR, the pre-
amplified cDNA template was diluted at a ratio of 1:10. The PSA
gene detection thresholds were determined based on the
maximum value measured for no-template controls as 0.12
copies/mL.
Metastatic stage

mHSPC
(N ¼ 10)

mCRPC
(N ¼ 75)

75 (64e80) 75 (57e84)
125.2 (81.2e157.2) 76.3 (29.1e162.9)

1 (10.0) 3 (4.0)
3 (30.0) 17 (22.7)
6 (60.0) 55 (73.3)

sensitive prostate cancer; N*, number of patients; PSA, prostate-specific antigen.



Fig. 1. Sample preparation with antibodies that specifically bind to membrane epithelial cell adhesion molecule (EpCAM) on circulating tumor cells (CTCs) and CTC isolation process
using lateral magnetophoretic microseparator. The lateral magnetophoretic microseparator is an anti-EpCAM based microfluidic CTC separator that consists of a disposable
superstrate with a microchannel network and a reusable substrate that includes inlaid ferromagnetic wires. Magnification reveals the main part of the microchannel of the
microseparator where the sample is injected and the CTCs are separated by the magnetic field and exit through the CTC outlet. (i) The prepared sample was injected into the sample
inlet of the microchannels. (ii) The CTCs labeled with magnetic beads are separated from white blood cells (WBCs) and isolated laterally because of the magnetic field formed
around the microchannel. (iii) Most of the WBCs, to which the beads do not attach, are discharged through the waste outlet, and the CTC is filtered through the CTC outlet.
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2.5. Statistical analysis

The correlation between serum PSA and CTC-based PSA mRNA
levels was analyzed using correlation coefficients. Statistical ana-
lyses were performed using R version 3.6.2.

3. Results

3.1. CTC enumeration

Fig. 2A shows the morphological forms of CTCs and WBCs
following immunofluorescence staining (DAPI, CD45, pan-
cytokeratin). The number of CTCs and serum PSA levels increased
with the progression of prostate cancer stages. An average of 0.3
CTCs/mL and 702.3 WBCs/mL were isolated from blood of HD. In
localized PCa patients, an average of 5.3 CTCs/mL and 572.3 WBCs/
mLwere isolated. In patients withmHSPC andmCRPC 12.3 CTCs/mL
and 34.7 CTCs/mL, and 816.5 WBCs/mL and 710.2 WBCs/mL,
respectively, were measured (Fig. 2B). Compared to localized PCa,
3e6 times more CTCs were isolated from the blood of patients with
mHSPC and mCRPC. The ratio of cytokeratin-positive cells to CD45-
positive cells, that is, CTCs/WBCs, was defined as the CTC purity
value. With progression of PCa stage, the CTC count increased,
which resulted in increased CTC purity in advanced PCa (localized
PCa: 2.2%, mHSPC: 4.1%, and mCRPC: 7.1%).

3.2. PSA mRNA analysis using isolated CTCs

The PSA gene expression level was evaluated as copies per
microliter, and its detection rates according to tumor stage were
obtained by calculating the number of patients whose gene
expression level was above the threshold for PSA mRNA. The
threshold copy number was evaluated using no-template testing,
which revealed values of 0.12 copies/mL for PSA. The expression of
PSA mRNA in CTCs was observed in 30.0% of localized cancer, 60.0%
of mHSPC, 65.3% of mCRPC patients, and 0% of HD patients. This
indicated that the detection rate of PSA mRNA increased with the
stage of prostate cancer (Fig. 3A). The expression level of PSAmRNA
in CTCs also increased from localized to metastatic stages. PSA gene
expression levels were significantly increased in mHSPC and
mCRPC patients compared to those with localized PCa. Interest-
ingly, serum PSA levels increased seven times as the tumor pro-
gressed from localized to metastatic cancer, while PSAmRNA levels
increased significantly, approximately 20,000 times (Fig. 3B).
3.3. Correlation of PSA mRNA and serum PSA level

In nine of the blood samples at the localized stage, PSA mRNA
expression in CTCs was detected and was not related to serum PSA
levels. In the mHSPC and mCRPC stages, the expression levels of
PSA mRNA in CTCs were detected in 6 and 49 samples, respectively,
and they were significantly related to the levels of PSA protein in
serum. Serum PSA levels and CTC-based PSA mRNA concentrations
were linearly plotted. Only PSA gene detected samples were plotted
in dark green, blue, and purple and used for Spearman correlation
coefficients calculations (Fig. 4). Light green, blue, and purple dots
are data from patients whose PSA mRNA was not detected or
measured below the cut-off value. Their data were not used to
calculate Spearman correlation coefficients.

In the localized stage, PSA gene and serum PSA levels were not
correlated with low-risk level abundance (R ¼ 0.064, P ¼ 0.512)
(Fig. 4A). There was a linear correlation between serum PSA levels
and CTC-based PSA mRNA concentrations in mHSPC (R ¼ 0.532,
P ¼ 0.041) and mCRPC (R ¼ 0.566, P ¼ 0.025) (Fig. 4B and C).
Although PSA mRNA concentration varied, it tended to be propor-
tional to the serum PSA level. The number of CTCs isolated from



Fig. 2. (A) Confocal microscopy of the CTCs and WBCs isolated from blood samples using the lateral magnetophoretic microseparator. CTCs were stained positive for pan-
cytokeratin (green) and negative for CD45 (red), whereas WBCs were positive for CD45 (red) and negative for pan-cytokeratin (green). (B) Serum PSA levels and the number of
isolated CTCs and WBCs per mL of blood according to the tumor stage.
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Fig. 3. (A) The detection rates and (B) the expression levels (copies/mL) of PSA mRNA in
the CTCs according to tumor stage.

Fig. 4. The relationship between CTC-based PSA mRNA concentration (copies/mL) and
serum PSA levels (ng/mL) according to tumor stage. (A) Localized stage (n ¼ 9), (B)
mHSPC stage (n ¼ 6) and (C) mCRPC stages (n ¼ 49). Light green, blue, and purple dots
are data from patients whose PSA mRNA was not detected or measured below the cut-
off value. Their data were not used to calculate Spearman correlation coefficients.
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mHSPC and mCRPC was not precisely proportional to the serum
PSA level and PSA mRNA concentration (data not shown).

4. Discussion

Serum PSA is the most commonly used blood test for diagnosing
prostate cancer or evaluating treatment response. However, it does
not accurately represent the molecular state of the tumor cells or
their biological characteristics.1e5 Serum PSA is often measured as
high in men without PCa or low in advanced PCa. Many other
biological markers have been studied to compensate for this and
PSAmRNA has been proposed as a novel marker. PSA is produced in
epithelial cells of the prostate. The detection of PSA-synthesizing
cells in the blood suggests that the cells originated from prostate
tissue or in the case of patients with prostate cancer, indicates the
occurrence of micrometastasis or dissemination of tumor cells.19

The clinical use of plasma PSA transcripts in PCa has already been
investigated and it was found that highly detectable PSA mRNA
expression levels in preoperative samples might indicate a poten-
tial risk for the recurrence of PCa.27 It was also suggested that
reverse transcriptase-PCR (RT-PCR)-measured PSA can be used as
an effective predictor of PSA progression in men with mCRPC
treated with chemotherapy. Ross et al. reported that patients who
were RT-PCR PSA positive at baselinewere 2.22 timesmore likely to
progress than those who were negative for RT-PCR PSA at base-
line.28 Although a positive RT-PCR for PSA is of unclear significance
in localized PCa, RT-PCR PSA is a significant and independent
prognostic factor for survival in mCRPC.16e23

As a liquid biopsy, CTC analysis is a non-invasive method and a
very useful tool for revealing the molecular properties of inacces-
sible tumor cells with cancer heterogeneity.29e32 This suggests that
the assessment of CTCs may provide a clue for solving the com-
plications caused by the heterogeneity of cancer cells. The present
study was conducted to clarify whether serum PSA levels were
correlated with CTC-derived PSA mRNA levels in PCa.
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In our study, there was no proportional relationship between
PSA mRNA concentration and serum PSA level in patients with
localized PCa. We cannot rule out the possibility that much smaller
numbers of detected CTCs in localized PCa may have affected this
result. However, in metastatic PCa, including mCRPC, PSA mRNA
concentrations and serum PSA levels showed a significant propor-
tional relationship, demonstrating the possibility that CTC-based
PSA mRNA could be used as a new biomarker in advanced PCa,
especially metastatic PCa.

Previously, Chung et al. demonstrated that CTC-based detection
of PSA transcripts predicted the response of AR-targeting agents,
such as abiraterone and enzalutamide, in patients withmCRPC.24 In
line with this, Qu et al. showed that the quantity of PSA transcripts
predicted the time to treatment failure and overall survival in
mCRPC patients treated with abiraterone acetate and/or enzaluta-
mide.25 These findings suggest that PSA mRNA levels could be used
as an effective marker for predicting survival outcomes or drug
resistance. However, most previous studies were conducted under
the assumption that cancer-specific transcripts are derived from
CTCs. Tumor-specific transcripts were analyzed, omitting the pro-
cess of separating CTCs from the blood. Very few studies have
quantitatively measured tumor-specific transcripts after isolating
cancer cells from blood and confirmed that the cells were CTCs.

This study has several unique features that have not been
addressed in previous studies. First, studies comparing serum PSA
and PSA mRNA concentrations are scarce, and, this is the first study
to compare the concentrations of the two molecules according to
tumor stage. Second, we isolated CTCs from blood and quantita-
tively measured the amount of PSA mRNA derived from CTCs. In
particular, a small number of tumor-specific transcripts was accu-
rately measured using ddPCR. In contrast to RT-PCR, which uses the
relative quantification method, ddPCR can directly quantify low
concentrations of molecular transcripts without the need for a
standard curve.33,34 Our study findings could be used as an evi-
dence that the currently reported mRNA-based biomarkers can be
used as surrogate markers to predict disease progression, treat-
ment responses, and prognosis in advanced PCa. CTC-based PSA
status may define a population that would benefit from earlier
implementation of chemotherapy or a 2nd-line androgen axis in-
hibitor. This is especially the case in localized PCa patients with a
rising PSA, without radiologic evidence of metastasis, despite
treatment with 1st-line androgen axis inhibitors, such as GnRH
agonists or antagonists.

Our study had certain limitations. First, although CTCs were
isolated from the patients’ blood, proper isolation of mesenchymal
or stem cell-like CTCs could not be guaranteed due to the limita-
tions of the device used for isolation. Clinically relevant CTCs that
have undergone EMTmay have been overlooked because our study
was designed to identify CTCs based only on epithelial expression.
Therefore, there is a cell-type selection bias in which only specific
types of CTCs were separated. Second, the number of patients with
localized PCa was relatively small, and this may lead to no clear
relationship between CTC-based PSA and serum PSA levels in
localized PCa. We could have drawn on the clinical utility more
precisely if a greater number of samples were collected. However,
we found that the current approach could be applied for the
identification of genetic biomarkers for prognosis.
5. Conclusions

Our study demonstrated that CTC-based PSA mRNA was corre-
lated with serum PSA levels in metastatic PCa but not in localized
PCa. CTC-based PSA mRNA could be used as a new biomarker along
with serum PSA protein in the metastatic stages of PCa. This finding
suggests that high-quality CTCs can be used as a complementary
tool to realize precision medicine in advanced PCa.
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