
Abstract. Background/Aim: Prostaglandin (PG) E2 mediates
malignant aggressiveness by binding to four specific E-type
prostanoid receptors (EP1R – 4R). This study aimed to clarify
the pathological significance of EPRs in hormone-sensitive
prostate cancer (HSPC) and castration-resistant prostate cancer
(CRPC). Materials and Methods: EP1R – 4R expression was
examined in 102 HSPC and 27 CRPC specimens. The
relationships between their expression and proliferation index
(PI), apoptotic index (AI), and vascular endothelial growth
factor (VEGF)-A expression were analyzed. Results: EP4R
expression in CRPC was significantly higher compared to that
in HSPC, even in advanced disease (T3/4, N1, and/or M1).
EP4R expression was significantly correlated with PI, AI, and
VEGF-A expression in CRPC. Such significant relationships
were not detected between EP1R – 3R and CRPC. Conclusion:
EP4R expression in CRPC was significantly higher than that in
HSPC and was associated with cancer cell proliferation,
apoptosis, and pro-angiogenetic potential.

Prostaglandin (PG) E2 plays an important role in mediating
the carcinogenic process and malignant aggressiveness of
many types of cancers (1, 2). Cyclooxygenase (COX)-2 has
been established as the most important regulator of PGE2
production in various pathologies, including cancers.
Consequently, several studies have examined the
pathological significance of the COX-2/PGE2 pathway in

cancer cells (3, 4). The downstream effects of the COX-
2/PGE2 pathway in various cancers are known to be
mediated through the E-type prostanoid receptors (EPRs)
(1, 4, 5). EPRs consist of four different members (EP1R –
EP4R), and several studies have reported on their
significant relationships with carcinogenesis, malignant
aggressiveness, and the prognosis of various cancers (6-9).
Furthermore, these previous reports have also shown that
the pathological roles of EPRs in cancer tissues dependent
on the type of cancer and associated pathological
characteristics (6-10). 

Prostate cancer (PC) is a major type of malignancy in
males, and its prognosis is relatively improved with
therapeutic interventions including hormonal therapy (10-
12). Specifically, people with an advanced/metastatic form
of PC, the elderly, and those with comorbidities are treated
with hormonal therapy. However, most PC cells acquire
resistance to this treatment over varying periods, triggering
the gradual transition of hormone-sensitive prostate cancer
(HSPC) cells into castration-resistant prostate cancer (CRPC)
cells, which are androgen-independent (13). Although, the
prognosis of patients with CRPC has improved with the
development of new treatment strategies (11, 14, 15), radical
cure for CRPC has not yet obtained. Therefore, a more
detailed understanding of the molecular mechanisms
underlying malignant aggressiveness of CRPC is essential to
potentially improve patient outcomes. 

Many investigators paid special attention to the
pathological roles and clinical significance of EPRs in PC.
For example, an in vivo study showed that EP2R plays a
small role in the secretion of PGE2-induced pro-angiogenic
factor (vascular endothelial growth factor; VEGF) in LNCaP
(androgen-irresponsive cell line), DU-145 and PC3 cells
(androgen-responsive cell lines) (16). Moreover, another
study has shown that EP4R is associated with the
proliferation and invasion of PC-3 cells (17). On the other
hand, in HSPC tissues, expression of EP1R, 2R, and 4R in
cancer cells was reported to be significantly associated with
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carcinogenesis and malignant potential (18). However, the
pathological significance of EPR expression in PC,
especially in CRPC, is not fully understood, despite the close
association between PGE2 and malignant aggressiveness of
PC (19, 20). 

The main aim of this study was to compare the expression
of EP1R – EP4R between HSPC and CRPC tissue
specimens. We also determined the relationship between
EPR expression and cancer cell proliferation, apoptosis, and
proangiogenic protein expression in CRPC. Collectively, our
results demonstrate the pathological significance of EPRs
and their potential as therapeutic targets for CRPC. 

Materials and Methods
Specimens. In this study, we subjected 27 CRPC and 102 HSPC
formalin-fixed, paraffin-embedded tissue specimens to various
immunohistochemical analyses. The clinicopathological features of
the corresponding patients are shown in Table I. Non-
adenocarcinomas, such as neuroendocrine carcinoma or small cell
carcinoma, were excluded from the study. The study design
complied with the principles of the Declaration of Helsinki and its
revisions and was approved by the Institutional Review Board of
Nagasaki University Hospital (No. 16K15690). Written informed
consent was obtained from all patients. 

Immunohistochemistry. Immunohistochemical analyses of EPRs,
Ki-67, cleaved caspase-3, and VEGF-A were performed according
to previous reports (18, 21-23). Briefly, antigen retrieval of the
tissue specimens was performed in 0.01 M sodium citrate buffer
(pH 6.0) and then the specimens were immersed in 3% hydrogen
peroxide. Primary antibodies against EPRs were obtained from the
Cayman Chemical Corporation (Ann Arbor, MI, USA), while
those for Ki-67, cleaved caspase 3, and VEGF-A were obtained
from Dako Corp. (Glostrup, Denmark), R&D Systems, Inc.
(Abingdon, UK), and Santa Cruz Biotechnology, Inc. (Santa Cruz,
CA, USA), respectively. Sections were incubated with primary

antibodies at 4˚C overnight, treated with Dako EnVision+™
Peroxidase (Dako, Carpinteria, CA, USA), and then visualized
using diaminobenzidine.

Estimation of immunoreactivity, proliferation index (PI), and
apoptotic index (AI). Immunohistochemically stained cells were
imaged and analyzed using a digital camera (Nikon DU100, Nikon
Corp., Tokyo, Japan) and a computer-aided image analysis system
(Win ROOF, version 5.0, MITANI Corp., Fukui, Japan).
Immunoreactivity of EP1R – EP4R was expressed as the percentage
of cancer cells exhibiting moderate to strong expression (18). The
PI and AI were calculated as the percentage of cancer cells with
nuclei positively stained for anti-Ki-67 antibody and cleaved
caspase-3 antibody, respectively (21, 22). VEGF-A expression was
semi-quantitatively analyzed using the immunoreactivity score,
which is calculated by multiplying the staining intensity (grade
0=none, 1=weak, 2=moderate, and 3=strong) with the score for the
percentage of positively stained cells (0, <1%; 1, 1%-25%; 2, 26%-
50%; 3, 5175%; or 4, 76%-100%) (23). 

Statistical analysis. All data are expressed as mean±standard
deviation. Student’s t-test was used to compare continuous
variables. For correlation analyses, specimens were divided into
two groups based on the grade: low [grade group (GG)1-3] and
high (GG4 and 5). Likewise, the specimens were also divided into
two groups on the basis of their T stage: low T stage (1 and 2) and
high T stage (3 and 4). The N1 and M1 stages were used to classify
the specimens as either metastatic or non-metastatic, while T3/4,
N1, and/or M1 tumors were classified as advanced-stage cancer.
Pearson’s correlation was used to evaluate the relationship between
continuous variables. Statistical significance was defined as
p<0.05. All statistical analyses were performed using StatView for
Windows (version 5.0, Abacus Concept, Inc., Berkeley, CA, USA).

Results

Expression of EPRs. Representative results of EP1R – 4R
expression in CRPC tissues are shown in Figure 1A-D. We
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Table I. Clinicopathological features of patients with hormone sensitive prostate cancer.

Variables n/% Variables n/%

Grade Group N stage
1 20/19.6    N0 78/76.5
2 18/17.6    N1 24/23.5
3 18/17.6 M stage
4 22/21.6    M0 69/67.6
5 24/23.5    M1 33/32.4
Low (1-3) 56/54.9 Metastasis (N1 and/or M1)
High (4+5) 46/45.1    Absence 66/64.7

T stage    Presence 36/35.3
T1 10/9.8 Advanced (T3/4, N1, and/or M1)
T2 34/33.3    Absence 41/40.2
T3 39/38.2    Presence 61/59.8
T4 19/18.6    
Low (1+2)    
High (3+4)



have previously reported their expression in HSPC tissue
(18), and the pattern and distribution of the EPRs in CRPC
were similar to those in HSPC. Briefly, immunohistochemical
staining of each EPEs was detected mainly in the cancer cell
cytoplasm. Finally, the percentage of cells positive for EP1R
expression in CRPC was 40.1±7.0%, which is comparable to
that in HSPC (37.6±14.4%; Figure 2A). Similarly, there was
no significant difference in the expressions of EP2R and
EP3R between the two types of cancers (Figure 2A).
However, EP4R expression in CRPC tissues (18.9±5.6%) was
significantly higher (p<0.001) than that in HSPC tissue
specimens (10.3±5.0%; Figure 2A). 

EP receptor expression in CRPC and low and high grade
HSPC. A detailed analysis of the relationship between
pathological features and EPR expression was performed.
We found that the expression of EP2R and EP3R was not

significantly different from those of low GG HSPC, high GG
HSPC, and CRPC (Figure 2B). However, the proportion of
cells positive for EP1R was significantly higher in high GG
HSPC and CRPC than in low GG HSPC (p=0.019; Figure
2B). There was no significant difference in EP1R expression
between high GG HSPC and CRPC groups. Although EP4R
expression was similar between low GG HSPC and high GG
HSPC, that in CRPC was remarkably higher than that in low
and high GG HSPC (p<0.001; Figure 2B). 

EP receptor expression in CRPC and low and high T stage
HSPC. Expression of EP1R–4R in low T stage HSPC, high
T stage HSPC, and CRPC is summarized in Figure 3A.
Similar to the consequence of GG on EP receptor expression,
the expression of EP1 receptors in high T stage HSPC was
significantly higher than that in low T stage HSPC; however,
there was no significant difference between CRPC and low
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Figure 1. Representative images of E-type prostanoid (EP)1-EP4 receptor expression in castration-resistant prostate cancer tissues (A-D). Each EP
receptor was mainly detected in the cytoplasm of cancer cells.



T stage HSPC (p=0.052) or between CRPC and high T stage
HSPC (p=0.902; Figure 3A). As shown in Figure 3B, similar
relationships were also determined between EP1R expression
and non-metastatic HSPC, metastatic HSPC, and CRPC. In
contrast, EP4R expression in CRPC was remarkably higher
(p<0.001) than that in low T stage HSPC and high T stage
HSPC (Figure 3A), and similar differences were also
detected between non-metastatic HSPC, metastatic HSPC,
and CRPC (Figure 3B).

When similar analyses were performed among organ-
confined HSPC (T1-2N0M0), advanced HSPC (T3-4, N1,
and/or M1), and CRPC, EP4R expression levels in CRPC
was significantly higher (p<0.001) than that in organ-
confined HSPC and advanced HSPC, although there was no
significant difference between organ-confined HSPC and
advanced HSPC (Figure 3C). In addition to EP4R, EP1R
expression in CRPC was higher than that in organ-confined
HSPC (p=0.042), but not in advanced HSPC. The
expression levels of EP2R and EP3R showed no significant

difference between the different types of HSPC and CRPC
(Figure 3A-C). 

Correlations between EP receptor expression and malignant
potential. In the case of HSPC, EP1R expression was
positively correlated with PI and VEGF-A expression; a similar
correlation was also seen for EP2R expression (Table II). In
CRPC, the expression of EP1R and EP2R was not correlated
with any of the cancer-related parameters, except for that
between PI and EP2R (r=0.51, p=0.007; Figure 4A). As shown
in Table II, EP4R expression was significantly associated with
PI (r=–0.43, p=0.025; Figure 4B), AI (r=–0.42, p=0.030; Figure
4C), and VEGF-A expression (r=0.52, p=0.005; Figure 4D) in
CRPC, although such significant correlations were not detected
in HSPC. Furthermore, we noticed that the r values of
these significant correlations in CRPC were remarkably
higher (–0.42 to 0.52) than those in HSPC (0.21 to 0.36; Table
II). In these analyses, EP3R expression was not significantly
correlated with either HSPC or CRPC. 
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Figure 2. Expression of E-type prostanoid receptors (EP1R-EP4R) in hormone-sensitive prostate cancer (HSPC) and castration-resistant prostate
cancer (CRPC) (A). Expression of EP1R-EP4R in low grade group (GG) in HSPC, high grade group in HSPC, and castration-resistant prostate
cancer (B). p-Values in red signify significant differences compared to CRPC values. 



Discussion

In this study, we found that EP4R expression is higher in
CRPC tissues than in HSPC tissues. We have previously

reported that EP4R expression in HSPC cells is significantly
higher than that in non-tumor gland cells (18). Based on
these findings, we hypothesize that EP4R plays an important
role in the acquisition of a malignant phenotype,
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Figure 3. Expression of E-type prostanoid receptors (EP1R-EP4R) in castration-resistant prostate cancer (CRPC) compared to that in hormone-
sensitive prostate cancer (HSPC) according to different tumor (T) stages (A), status of metastasis (B), and tumor localization (C). p-Values in red
signify significant differences compared to CRPC values. 



carcinogenesis, and loss of androgen-dependency in HSPC
and CRPC. We noticed that the pathological roles of EP4R
expression were different between HSPC and CRPC, that is,

EP4R expression was significantly associated with increased
cancer cell proliferation and VEGF-A expression and a
decrease in apoptosis in CRPC, but not in HSPC. In previous
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Figure 4. Correlation between E-type prostanoid (EP) 2 receptor (EP2R) expression and proliferation index (PI) in castration-resistant prostate
cancer (CRPC) (A). Correlation between EP4R expression and PI (B), apoptotic index (C), and vascular endothelial growth factor-A expression
(D) in CRPC.

Table II. Correlation between EP receptors and cancer-related factors.

EP1 receptor EP2 receptor EP3 receptor EP4 receptor

For PI
HSPC                                                 0.36/<0.01                                0.21/0.034                                0.11/0.292                                0.02/0.878
CRPC                                                0.34/0.086                                0.51/0.007                                0.22/0.265                                0.43/0.025

For AI                                                                                                                                                                                                                         
HSPC                                              – 0.07/0.481                                0.04/0.710                              –0.12/0.234                                0.12/0.223
CRPC                                             – 0.01/0.983                                0.20/0.317                              –0.19/0.351                              –0.42/0.030

For VEGF-A                                                                                                                                                                                                               
HSPC                                                 0.26/0.008                                0.25/0.012                                0.06/0.557                                0.11/0.281
CRPC                                                0.32/0.100                                0.17/0.409                                0.08/0.692                                0.52/0.005

PI: Proliferation index; HSPC: hormone sensitive prostate cancer; CRPC: castration-resistant prostate cancer; AI: apoptotic index; VEGF: vascular
endothelial growth factor; EP: E-type prostanoid. Data are presented as r/p-value. Italics indicate p-Value <0.05. Bold indicates data in CRPC.



in vitro studies involving the use of androgen-independent
PC cell lines, EP4R has been shown to play an important
role in mediating cell growth and development (17, 19).
Moreover, EP4R has been associated with the inhibition of
apoptosis in various malignancies (24, 25). In addition,
EP4R has been reported to be closely associated with
angiogenesis in PC, and the EP4R-related pathway may play
a crucial role in VEGF-A secretion in androgen-independent
PC cells (16, 26). Thus, these reports support our findings
that EP4R expression is upregulated, and that this
upregulation is significantly associated with the stimulation
of cancer cell proliferation, angiogenic potential and
suppression of apoptotic activity in CRPC.

In addition to EP4R, our results also show that EP1R
expression in CRPC was significantly higher than that in
organ-confined HSPC. Furthermore, EP2R expression was
positively correlated with cancer cell proliferation in CRPC.
Unfortunately, in this study, we could not determine the
clinical significance of these findings. However, several
reports have shown that PGE2 plays an important role in
various carcinogenic activities, such as epithelial-
mesenchymal transition and the genesis of immunosuppressive
microenvironments, which are closely related to the
development of drug resistant CRPC (27, 28). Thus, it is
possible that EP1R and EP2R play a significant role in
mediating the malignant behavior of CRPC. Additionally, our
results demonstrated the minimal pathological significance of
EP3R in PC, including CRPC. However, an in vitro study has
reported that EP3R mediates carcinogenesis, cancer cell
growth, and castration resistance via the regulation of
androgen receptor expression in PC (29). Thus, to obtain a
better understanding of the pathological significance of each
EPR, further in vivo and in vitro studies are necessary. 

One of the major limitations of this study is the relatively
small number of specimens, especially for CRPC. Therefore,
the pathological significance and prognostic roles of EP4R
in patients with CRPC should be confirmed in additional
studies. We also did not examine the pathological
mechanisms mediated by EPRs in CRPC. Several reports
have shown that EP4R plays a crucial role in resistance to
treatments, including hormonal therapy (30, 31). In addition,
many investigators have suggested that inhibition of EP4R
is a promising novel treatment strategy for various
malignancies (5, 31, 32). Our results similarly emphasize the
importance of studying the pathological roles of EP4R and
its regulatory mechanisms at the molecular level in order to
aid in the development of new therapeutic agents for CRPC.
In recent years, the necessity of further preclinical and
clinical trials to investigate the anti-cancer effects of EP4R
inhibitors, particularly in combination with chemotherapy,
endocrine therapy, or immune-based therapies has been
suggested (31). Our results will be useful when planning
future trial protocols for CRPC. Furthermore, the present

study provides important information to elucidate the
detailed pathological characteristics of CRPC and identify
effective therapies for CRPC, which have been examined by
other investigators (33-35). 

Conclusion

The present study showed that EP4R expression in CRPC
was significantly higher than that in HSPC, and EP4R
expression was dependent on the grade and T, N, and M
stage. In addition, EP4R expression was significantly
correlated with an increase in cancer cell proliferation,
VEGF-A expression and inhibition of apoptosis in CRPC, but
not in HSPC. Thus, the pathological significance of EP4R in
HSPC is distinct from that in CRPC. Additionally, EP1R and
EP2R may play a significant role in the development of
CRPC and cancer cell proliferation in CRPC. Finally, we
suggest that the molecular basis of the pathological roles of
EPRs, especially in EP4R, should be explored in further in
vivo and in vitro studies. This will aid in identifying new
treatment strategies for patients with CRPC.
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