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Abstract. The interaction between prostate cancer cells and 
osteoblasts is essential for the development of bone metastasis. 
Previously, novel androgen receptor axis‑targeted agents 
(ARATs) were approved for metastatic castration‑naïve and 
non‑metastatic castration‑resistant prostate cancer (CRPC); 
both of which are pivotal for investigating the association 
between the bone microenvironment and tumors. The present 
study established a novel in vitro 3D microenvironment model 
that simulated the bone microenvironment of CRPC, and 
evaluated the drug susceptibility of ARATs and the efficacy of 
the combination of abiraterone and dutasteride. Green fluores‑
cent protein‑transferred C4‑2 cells (a CRPC cell line) and red 
fluorescent protein‑transferred human osteoblasts differenti‑
ated from human mesenchymal stem cells were co‑cultured 
in chitosan nanofiber matrix‑coated culture plates to simulate 
the 3D scaffold of the bone microenvironment. The growth 
of C4‑2 was quantified using live‑cell imaging and the Cell3 
iMager duos analysis system. The growth of C4‑2 colonies 
were quantified for a maximum of 30 days. The expression of 
TGF‑β increased and promoted EMT in C4‑2 cells co‑cultured 
with osteoblasts, indicating resistance to ARATs. The IC50 of 
each drug and the combination effect of abiraterone and dutas‑
teride were evaluated using this model. Combination treatment 
with abiraterone and dutasteride synergistically inhibited the 
growth of C2‑4 colonies compared with individual investi‑
gational agents. This could be attributed to the reduction of 
3‑keto‑5α‑abiraterone, an androgen receptor agonist. The bone 

microenvironment model of the present study is unique and 
useful for evaluating new drug susceptibility testing in pros‑
tate cancer cells. This model may help to reveal the unknown 
mechanisms underlying micro‑ to clinical bone metastasis in 
prostate cancer.

Introduction

Prostate cancer is the most common non‑cutaneous cancer 
in men and is a major health problem in developed countries. 
It is expected to emerge as a major health concern world‑
wide as the average human lifespan increases in developing 
countries (1). Prostate cancer is often characterized by 
asymptomatic slow growth and men with localized prostate 
cancer have a high (10‑year) survival rate (2). Clinically 
localized prostate cancer is a potentially curative stage and 
is managed by radiation therapy or radical prostatectomy. 
However, disseminated tumor cells (cytokeratin‑positive 
cells) were detected in bone marrow aspirates in 13% of 
patients who underwent radical prostatectomy, suggesting 
that potential bone metastasis develops during the early 
stages of cancer (3). In contrast to localized prostate cancer, 
men with metastatic prostate cancer have a poor survival rate, 
with a 5‑year survival rate of ~30% and a median survival 
rate of ~3 years (4,5). In the locally advanced or metastatic 
stage, androgen deprivation therapy (ADT) is the mainstay 
of treatment and acts by decreasing the circulating testos‑
terone levels. However, most patients eventually develop 
resistance to ADT and progress towards castration‑resistant 
prostate cancer (CRPC) after 18‑36 months (6,7). Among 
metastatic organs, bone is the most frequently metastatic 
site, and more than 90% of patients with advanced stage 
harbor bone metastases prior to 24 months of death (8). Bone 
metastasis deteriorates patients' quality of life by causing 
pain and making bones prone to fracture. Bone metastasis 
management based on understanding the developmental 
mechanisms is critical in prostate cancer patients, and a few 
in vitro models mimicking the bone microenvironment have 
been reported (9,10).
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Recently, novel androgen receptor axis‑targeted agents 
(ARATs) have been approved for metastatic castration‑naïve 
prostate cancer (mCNPC) or non‑metastatic castration‑resis‑
tant prostate cancer (nmCRPC). The AR axis remains an 
essential player in CRPC and maximizes androgen depri‑
vation by blocking AR function directly with competing 
antagonists of the cognate ligand DHT or by reducing 
intratumoral androgen synthesis with CYP17A1 lyase/hydro‑
lase inhibitors. Abiraterone, a CYP17A1 lyase/hydrolase 
inhibitor, blocks androgen synthesis and prolongs survival 
in patients with CRPC (11). Abiraterone is metabolized 
by 3‑beta‑hydroxysteroid dehydrogenase 1 (3βHSD1) 
to delta‑4‑abiraterone (D4A), which exerts the greatest 
antitumor activity among abiraterone and its metabolites. 
However, D4A is metabolized by 5α‑reductase to 3‑keto‑5α 
abiraterone, which possesses androgenic activity and stimu‑
lates prostate cancer progression. Recently, combination 
therapy based on abiraterone and dutasteride (a 5α‑reductase 
inhibitor) has garnered considerable attention as a CRPC 
treatment (12). Although dutasteride is approved for the 
treatment of BPH and regresses prostate volume by inhibiting 
dual 5α‑reductase (type 1 and 2), the risk reduction effect 
on the development of prostate cancer has been reported in 
the REDUCE trial (13). Combination therapy of abiraterone 
with dutasteride increases serum levels of D4A and reduces 
the levels of 3‑keto‑5α‑abiraterone (12). However, the effects 
of these investigational agents, including D4A, on the bone 
microenvironment remain unclear, and elucidating them 
would be pivotal in investigating the association between the 
bone microenvironment and tumor. These observations led 
us to establish a new in vitro drug sensitivity testing model 
that accurately reflects the bone microenvironment.

In this study, we established a novel in vitro 3D microen‑
vironment model that mimicked the bone microenvironment 
of CRPCs and examined whether it recapitulates the factors 
reported previously, including TGF‑β. We used this model to 
evaluate the drug sensitivity of ARATs and the efficacy of the 
combination of abiraterone and dutasteride in the bone micro‑
environment.

Materials and methods

Cell culture. The human prostate cancer cell line LNCaP C4‑2 
(cat. no. CRL‑3314) was purchased from the American Type 
Culture Collection. Human mesenchymal stem cells (hMSCs; 
cat. no. C‑12974) from the bone marrow were obtained 
from PromoCell. The C4‑2 cells were routinely grown in 
RPMI‑1640 medium (Life Technologies) supplemented with 
10% fetal bovine serum (FBS; Invitrogen; Thermo Fisher 
Scientific, Inc.), hMSCs were cultured in Mesenchymal Stem 
Cell Growth Medium 2 (cat. no. C‑28009; PromoCell) and 
maintained in humidified incubators (5% CO2). Penicillin G 
(100 U•ml‑1) and streptomycin sulfate (0.1 mg•ml‑1) (cat. 
no. A5955; Sigma‑Aldrich; Merck KGaA) were added to all 
conditioned media.

Transfection of fluorophores. To quantify cell dynamics 
non‑invasively, fluorescent proteins (GFP and RFP) were 
introduced into the cells. The GFP gene was introduced 
into C4‑2 cells and the RFP gene was introduced into 

hMSCs using lentivirus. C4‑2 cells were incubated in 
RPMI‑1640 medium supplemented with 10% FBS in a 
10‑cm dish and hMSCs were incubated in Mesenchymal 
Stem Cell Growth Medium 2 in a 10‑cm dish. C4‑2 cells 
were transfected with 6 µg of BLIV 2.0 Reporter: MSCV
‑Luciferase‑EF1α‑copGFP‑T2A‑Puro Lentivector Plasmid 
(cat. no. BLIV713PA‑1; System Biosciences, LLC) and 
hMSCs were transfected with 6 µg of BLIV 2.0 Reporter: 
pCDH‑CMV‑MCS‑EF1‑RFP‑T2A‑Puro (cat. no. CD516B‑2, 
System Biosciences, LLC) and 4 µg of pPACKH1 HIV 
Lentivector Packaging Kit (cat. no. LV500A‑1; System 
Biosciences, LLC) using X‑t remeGENE HP DNA 
Transfection Reagent (cat. no. 6366244001; Roche). After 
overnight incubation, the medium was replaced with fresh 
medium and the cells were incubated for 3 days. The medium 
was transferred to a 15 ml tube, followed by centrifugation 
at 3,000 rpm for 5 min, and the supernatant containing 
lentiviral particles was passed through a syringe filter 
(cat. no. SLPES2545S; Hawach Scientific). C4‑2 cells were 
incubated for 3 days in RPMI‑1640 medium supplemented 
with 10% FBS containing lentiviral particles and polybrene 
(8 µg/ml; cat. no. H9268; Sigma‑Aldrich; Merck KGaA). 
hMSCs were incubated for 3 days in Mesenchymal Stem 
Cell Growth Medium 2 containing lentiviral particles and 
polybrene. Since the downstream region of the plasmid 
contains a puromycin resistance gene, GFP‑expressing 
or RFP‑expressing cells were selected using puromycin 
(1 mg/ml; cat. no. A1113802; Thermo Fisher Scientific, Inc.).

Osteogenesis. To promote osteogenic differentiation, hMSCs 
were cultured in Mesenchymal Stem Cell Osteogenic 
Differentiation medium (cat. no. C‑28013; PromoCell). The 
medium was changed every 3‑4 days for 2 weeks. After 
differentiation, the cells were fixed with 10% formalin solu‑
tion, stained with 1% Alizarin Red S (cat. no. 5533‑25G, 
Sigma‑Aldrich) to confirm extracellular calcium deposits, 
and stained with BCIP/NBT (cat. no. B5655; Sigma‑Aldrich; 
Merck KGaA) to confirm alkaline phosphatase activity.

Bone microenvironment model of prostate cancer in 3D 
culture. RFP‑transfected hMSCs were plated (5x104 cells/cm2) 
onto a chitosan nanofiber‑coated culture plate (Hokkaido 
Soda Co., Ltd.) and incubated with Mesenchymal Stem Cell 
Growth Medium 2. When cells reached 100% confluency, the 
medium was changed to Mesenchymal Stem Cell Osteogenic 
Differentiation medium (Day 0), followed by 14 days of incuba‑
tion to induce human osteoblasts. On day 14, GFP‑transfected 
C4‑2 cells (1.5x103 cells/cm2) were added and co‑cultured 
with human osteoblasts. On day 15, the medium was changed 
to androgen‑free, phenol red‑free RPMI‑1640 medium (Life 
Technologies) supplemented with 5% charcoal/dextran‑treated 
fetal bovine serum (HyClone). Penicillin G (100 U•ml‑1) and 
streptomycin sulfate (0.1 mg•ml‑1) were added to all condi‑
tioned media. The medium was changed every 3‑4 days.

Quantification of C4‑2 and osteoblast cells. The growth of 
C4‑2 and osteoblasts in the bone microenvironment model 
was quantified using an imaging system, Cell3 iMager duos 
(SCREEN Holdings Co., Ltd.) every 3‑days. The sum of the 
green or red intensity area of each well was determined using 
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the Cell3 iMager duos software version 1.4 rev 2.1, (SCREEN 
Holdings Co., Ltd.).

Drug sensitivity test using bone microenvironment model. 
A total of four ARATs (enzalutamide, apalutamide, darolu‑
tamide, and abiraterone), D4A (abiraterone metabolite with 
AR antagonist) and dutasteride (5α‑reductase inhibitor) were 
selected for drug sensitivity testing using a microenvironment 
model. All drugs were purchased from Selleckchem. In the 
drug sensitivity test over time, each drug was added to the 
culture medium at a concentration of 5 µM dissolved in ethanol 
from day 15. The final concentration of ethanol in all the drugs 
and controls was 0.1%. Investigational agents were added every 
time the medium was changed. In the dose‑response curve, 
each drug was added to the culture medium at each concentra‑
tion dissolved in ethanol on day 15. The drug exposure time 
was 48 h, and the antiproliferative effect of the drug on C4‑2 
cells was determined by comparison with the concentration 
at 0.01 µM of each drug. CompuSyn software was used to 
calculate the combination index (CI) at several effective doses 
(CI=1; additive effect, CI<1; synergy effect, CI>1; antagonistic 
effect) (14).

Total RNA extraction and quantitative mRNA expression 
analysis. Total RNA was extracted using the RNeasy Mini 
Kit (Qiagen), according to the manufacturer's protocol. RNA 
quality and quantity were determined using a NanoDrop 
Lite spectrophotometer (Thermo Fisher Scientific, Inc.). 
First‑strand cDNA was synthesized from 1 µg of total RNA 
using the RT2 First Strand Kit (Qiagen). RNA expression of 
EMT‑related genes was analyzed using the RT2 Profiler PCR 
Array Human Epithelial to Mesenchymal Transition (EMT) 
(cat. no. PAHS‑090ZA; Qiagen), and RNA expression of 
osteogenesis‑related genes was analyzed using the RT2 Profiler 
PCR Array Human Osteogenesis (cat. no. PAHS‑026Z, 
Qiagen). The expression of AR and PSA was analyzed using 
TaqMan Gene Expression Assays (Applied Biosystems Inc.). 
The TaqMan MGB probes used in this study were as follows: 
AR (Hs00171172_m1), PSA (Hs02576345_m1, GAPDH 
(Hs02758991_g1). Quantitative real‑time PCR was performed 
in triplicate using Applied Biosystems StepOnePlus (Applied 
Biosystems) according to the manufacturer's protocol. RNA 
expression levels were determined using StepOnePlus soft‑
ware (version 2.2.2; Applied Biosystems) and normalized 
to GAPDH expression levels. The following thermocycling 
conditions were used: initial denaturation at 95˚C for 20 sec, 
followed by 40 cycles at 95˚C for 1 sec and 60˚C for 20 sec. 
RNA expression levels were determined using the 2‑ΔΔCT 
method (15).

Western blot analysis. Cell samples were collected in RIPA 
lysis buffer (Santa Cruz Biotechnology Inc.), and protein 
concentrations were determined using a BCA Protein Assay Kit 
(Takara Bio Inc.). Each lysate sample (20 µg) was separated by 
SDS‑PAGE and electro‑transferred to a polyvinylidene fluo‑
ride (PVDF) membrane. Following blocking with 5% non‑fat 
milk in TBS with 0.05% Tween‑20 (TBST), the membranes 
were incubated with each primary antibody overnight at 4˚C. 
The primary antibodies used were as follows: N‑cadherin 
(1/500 dilution, cat. no. 13116), E‑cadherin (1/1,000 dilution, 

cat. no. 3195), Snail (1/1,000 dilution, cat. no. 3879), TGF‑β 
(1/1,000 dilution, cat. no. 3709), and GAPDH (1/2,000 dilution, 
cat. no. 5174), from Cell Signaling Technology. AR (1/1,000 
dilution; cat. no. ab133273) from Abcam. After washing with 
TBST, the membranes were incubated with HRP‑conjugated 
anti‑rabbit IgG secondary antibody (1/5,000 dilution, cat. 
no. ab6721; Abcam) for 1 h at room temperature. After washing 
with TBST, membrane signals were detected using an ECL 
detection system (Amersham Imager 600; GE Healthcare Life 
Sciences). GAPDH was used for normalization of the protein 
bands.

Magnetic‑activated cell sorting (MACS). Highly purified 
C4‑2 cells were isolated from co‑cultured cells using MACS® 
(Miltenyi Biotec), using positive selection. Co‑cultured cells 
(1x107) were centrifuged (200 x g for 4 min) and then resus‑
pended in 100 µl of MACS buffer (PBS containing 2 mM 
EDTA and 0.5% FBS). Biotin anti‑human PSMA (FOLH1) 
antibody (10 µl, cat. no. 342510; BioLegend) was added and 
incubated for 5 min at 4˚C. Cells were washed in 2 ml of 
MACS buffer and centrifuged again at 200 x g for 4 min. The 
cellular pellet was resuspended in 200 µl of MACS buffer 
and 20 µl of anti‑biotin microbeads (Miltenyi Biotec). After 
incubation for 15 min at 4˚C, the cells were washed in 2 ml of 
MACS buffer and centrifuged at 200 x g for 4 min. The cellular 
pellet was resuspended in 500 µl of MACS buffer loaded onto 
an LS MACS column (Miltenyi Biotec) in a magnetic field. 
Pass‑through (unlabeled) cells were collected, and the column 
was washed three times with 500 µl of MACS buffer. The 
MACS column was removed from the magnetic stand, and 
PSMA‑positive (labeled) cells were eluted with 5 ml of MACS 
buffer. The PSMA‑positive cells and pass‑through cells were 
analyzed by flow cytometry.

Flow cytometry analysis. An allophycocyanin (APC)‑conjugated 
anti‑human PSMA (FOLH1) antibody (cat. no. 342508, 
BioLegend) was used in this study. Flow cytometric data were 
acquired using a CytoFLEX S System cell (Beckman Coulter) 
and analyzed using FlowJo software (FlowJo, LLC).

Liquid chromatography‑elect rospray ioniza t ion‑ 
time‑of‑flight/mass spectrometry analysis. C4‑2 cells and 
osteoblasts were co‑cultured for 24 h, and abiraterone alone 
or a combination of abiraterone and dutasteride were added 
to the culture medium at a concentration of 5 µM dissolved 
in ethanol on day 15. Cell suspensions were collected on 
days 17 and 28 (2 and 13 days after drug addition), and C4‑2 
cells were isolated by MACS® using an anti‑PSMA antibody. 
C4‑2 cells (1x105 cells) were washed with PBS by centrifu‑
gation at 200 x g for 5 min. They were then washed twice 
under the same conditions. The cell pellets were lysed with 
50 µl of 70% acetonitrile and then centrifuged at 17,4000 x g 
for 5 min at 4˚C. The resulting supernatants were collected, 
diluted to 1/20 with 80% methanol in water, and analyzed 
by liquid chromatography (LC)‑electrospray ionization 
(ESI)‑time‑of‑flight/mass spectrometery (TOF‑MS). The 
LC system used was a Nexera SFC/SFE‑HPLC system 
(Shimadzu). The ESI‑TOF/MS system used was Impact II 
(Bruker Daltonics). MS was operated in the positive ion mode. 
The concentrations of abiraterone and abiraterone metabolites, 
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including D4A, 3‑keto‑5α‑abiraterone, 3α‑OH‑5α‑abiraterone, 
and 3β‑OH‑5α‑abiraterone in the supernatant were measured 
using the exact mass value of the protonated molecular ion of 
each compound.

Pharmacokinetic in vivo validation of abiraterone and 
dutasteride combination. Details of this method have been 
reported elsewhere (16). Briefly, abiraterone and its metabolite 
(D4A, 3‑keto‑5α‑abiraterone) were measured before and after 
combination treatment with abiraterone and dutasteride in a 
phase II clinical trial in patients with CRPC (UMIN Clinical 
Trial Registry: UMIN000027795). Pharmacokinetic data in 
patients who were judged as effective in combination therapy 
were compared with the data from our in vitro model.

Statistical analysis. All numerical data are presented as the 
mean ± standard deviation. Unpaired numerical data were 
compared using an unpaired Student's t‑test (two groups) or 
analysis of variance (ANOVA; more than two groups). We 
used Tukey test as the post‑hoc test following ANOVA. The 
synergistic effect of the combination of drugs was calculated 
using the CompuSyn software (Combosyn Inc.). Statistical 
analysis was performed using JMP software (Pro.13; SAS 
Institute, Inc.). P‑values were two‑sided, and statistical signifi‑
cance was defined as P<0.05, in all tests.

Results

Bone microenvironment model of prostate cancer with 
chitosan fiber matrix 3D culture. To demonstrate the bone 
microenvironment model of prostate cancer, prostate cancer 
cells and osteoblasts were co‑cultured on a microfiber scaf‑
fold to examine the characteristics of the co‑culture system. 
We used a microfiber scaffold composed of a three‑dimen‑
sional chitosan fiber matrix. The scaffold was composed of 
random fibers with an average diameter of ~200 nm. Using a 
three‑dimensional microfiber scaffold, cells may proliferate 
in a three‑dimensional morphology. To recapitulate the bone 
metastasis microenvironment of castration‑resistant prostate 
cancer, we used C4‑2, a cell line of castration‑resistant 
prostate cancer. C4‑2 maintains AR activation and signaling 
through de novo intratumoral steroidogenesis (17,18). 
Osteoblasts were differentiated from human mesenchymal 
stem cells (hMSCs), which were collected from the bone 
marrow using a special medium. Differentiation of hMSCs 
into osteoblasts was confirmed by Alizarin red S staining 
and alkaline phosphatase staining (Fig. S1). To facilitate 
separate quantification of C4‑2 and osteoblast cells after 
co‑culture, we stably transfected C4‑2 cells with GFP and 
hMSCs with RFP using lentiviral vectors. We used flow 
cytometry to determine whether GFP was successfully 
introduced into C4‑2 cells or RFP was introduced into 
hMSCs (Fig. S2). Fig. 1‑A shows the schema of the bone 
microenvironment model. GFP‑transferred C4‑2 cells and 
RFP‑transferred osteoblasts differentiated from hMSCs 
were co‑cultured with chitosan fiber matrix 3D culture. The 
medium was changed to androgen‑free medium 24 h after 
starting the co‑culture to reflect the bone metastasis environ‑
ment of castration‑resistant prostate cancer. The growth of 
C4‑2 cells and osteoblasts was quantified using a live‑cell 

imaging and analysis system, Cell3 iMager duos (SCREEN). 
We could non‑invasively quantify the static survival of osteo‑
blasts and could maintain a continuous count of C4‑2 cells 
for a maximum of 30 days (Fig. 1B). Fluorescence images 
at days 15, 32, and 46 showed that C4‑2 grew to form colonies 
(Fig. 1C). The C4‑2 colonies were physically in contact with 
the osteoblasts. We also examined the effects of co‑culturing 
with osteoblasts. Compared with monoculture, co‑culturing 
with human osteoblasts demonstrated a significant growth 
enhancement on C4‑2 cells (t‑test, P<0.01, day 52), but 
there was no obvious difference in morphology of the C4‑2 
cells (Fig. S3).

Drug sensitivity test using bone microenvironment model. We 
used this model to evaluate the drug sensitivity of androgen 
receptor‑axis‑targeted agents (ARATs) and D4A (abiraterone 
metabolite with AR antagonist). First, we compared the 
growth curves of the GFP‑transfected C4‑2 cells (Fig. 2A). 
Significant difference in growth inhibition was observed from 
day 18 to day 25 (ANOVA, P<0.01), and significant growth 
inhibition was observed with the addition of enzalutamide 
(t‑test, P<0.01), apalutamide (P<0.01), darolutamide (P<0.01), 
abiraterone (P<0.01), or D4A (P<0.01) compared to the control 
on day 28. Significant differences in growth inhibition were 
observed among all the investigational agents except between 
enzalutamide and apalutamide (P=0.195) and between darolu‑
tamide and abiraterone (P=0.118). Second, we compared the 
dose‑response curves of each investigational agent against 
C4‑2 cells (Fig. 2B). Significant difference in growth inhibition 
between ARATs was observed at concentrations of 10‑100 µM 
(ANOVA, P<0.01). The 50% inhibition concentration (IC50) of 
each drug calculated from the dose‑response curve is shown 
in Table I. The IC50 values of each investigational agent were 
compared, and significant differences were found among the 
investigational agents (t‑test, P<0.05), except between enzalu‑
tamide and apalutamide (P=0.982) and between darolutamide 
and abiraterone (P=0.106). The results were similar to the drug 
effects of the growth curves (Fig. 2A). Next, we compared the 
drug sensitivity of C4‑2 cells with and without co‑culture 
with human osteoblasts in chitosan nanofiber‑coated 3D 
culture plates. Co‑culture with human osteoblasts had a 
inhibitory effect on the growth of all investigational agents on 
day 28 (Fig. 2C).

Analysis of mRNA and protein expression in C4‑2 cells 
co‑cultured with and without osteoblasts. We examined the 
changes in mRNA and protein expression in C4‑2 cells when 
co‑cultured with osteoblasts in this model. Highly purified 
C4‑2 cells were isolated from co‑cultured cell suspensions by 
magnetic‑activated cell sorting (MACS®; Miltenyi Biotec). This 
was performed using positive selection using specific binding 
of anti‑PSMA antibodies to C4‑2 cells. The highly specific 
separation of C4‑2 cells was confirmed by flow cytometry 
(Fig. S4). We compared the mRNA expression of C4‑2 cells 
isolated from co‑culture cell suspensions and monocultured 
C4‑2 cells using RT‑PCR (Fig. 3A). We focused on TGF‑β and 
EMT‑related genes, because accumulating evidence suggests 
that these molecules play an important role as promoters of 
tumor cell survival and development in the bone microenvi‑
ronment. The mRNA expression of TGF‑β (TGF‑β1, TGF‑β2) 
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was significantly higher in the co‑culture than in the monocul‑
ture. Similarly, the expression of EMT‑related genes (TWIST1, 

Snail2, and N‑cadherin) was also significantly higher in the 
co‑culture than in the monoculture. The expression of AR and 
PSA (downstream gene of AR) was significantly higher when 
co‑cultured with osteoblasts. The protein expression of C4‑2 
cells isolated from co‑culture cell suspensions and monocul‑
ture was compared by western blotting (Fig. 3B). An identical 
expression pattern was observed between the mRNA and 
protein expression of each gene. We also examined the mRNA 
expression of osteoblast stimulatory factors in the co‑culture. 
mRNA expression of bone morphogenetic protein 2 (BMP2) 
and vascular endothelial growth factor (VEGF‑A, VEGF‑B) 
were significantly higher in the co‑culture than in the mono‑
culture (Fig. S5).

Inhibition of tumor growth by combination therapy with 
abiraterone and dutasteride. We used this model to evaluate 
the therapeutic effects of the combination of abiraterone and 
dutasteride in the bone microenvironment. First, we compared 
the growth curves of GFP‑transferred C4‑2 cells among 

Figure 1. Bone microenvironment model of prostate cancer with chitosan fiber matrix 3D culture. (A) Schema of culture methods, in vitro bone microenviron‑
ment model. (B) Growth curve of C4‑2 (CRPC cell line) and osteoblast in long term culture. Static survival of osteoblasts and continuous growth of tumor 
cells (C4‑2) were observed under the chitosan nanofiber coated 3D culture. (C) Longitudinal fluorescence image of GFP‑transfected C4‑2 and red fluorescent 
protein‑transfected osteoblast (green, proliferating C4‑2 colonies; red, osteoblasts). Scale bars, 200 µm. GFP, green fluorescent protein; RFP, red fluorescent 
protein; CRPC, castration‑resistant prostate cancer. 

Table I. IC50‑values of androgen receptor‑axis‑targeted agents 
in the bone microenvironment model.

Drugs IC50, µM

Enzalutamide 50.85±1.90
Apalutamide 51.02±1.98
Darolutamide 35.14±1.26
Abiraterone 38.85±5.38
Δ4 Abiraterone 10.47±4.87

The values are presented as mean ± SD. Significant differences were 
found among each investigational agent (P<0.05) except between 
enzalutamide and apalutamide (P=0.982) and between darolutamide 
and abiraterone (P=0.106). IC50, 50% inhibition concentration. 
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abiraterone, dutasteride, and both combinations (Fig. 4A). 
The combination of abiraterone and dutasteride had a greater 
colony inhibitory effect on tumor growth (ANOVA, P<0.01, 
day 46). Second, we compared the dose‑response curves of 
each investigational agent against C4‑2 cells (Fig. 4B). To 
examine whether this effect was additive or synergistic, 
dose‑dependent effects with constant ratio design and 

combination index (CI) values were calculated according to 
the Chou and Talalay median effect principal (14). Dutasteride 
synergistically enhanced the inhibitory effect of abiraterone 
on the colony growth of C4‑2 cells (Fig. 4C). We then 
examined the concentrations of abiraterone metabolites in 
C4‑2 cells treated with abiraterone alone or abiraterone and 
dutasteride. C4‑2 cells were isolated from cell suspensions 

Figure 2. Drug sensitivity test using bone microenvironment model. (A) Drug sensitivity test among ARATs and delta‑4 abiraterone (abiraterone metabolite with 
AR antagonist). Each drug was added to the culture medium at a concentration of 5 µM and had dissolved by ethanol on day 15. Significant overall difference 
in growth inhibition was observed between all the groups from day 18‑25 (*P<0.01). (B) Dose response curve of each drug against C4‑2. Significant difference 
in growth inhibition between ARATs was observed at concentrations of 10‑100 µM (*P<0.01). Exposure time, 48 h; baseline drug concentration, 0.01 µM. 
(C) Comparison of drug sensitivity for C4‑2 with and without co‑culture with human osteoblasts in chitosan nanofiber coated 3D culture plate. Co‑culture with 
human osteoblast reduced the growth inhibitory effect of all drugs. *P<0.01, day 28. ARATs, androgen receptor‑axis‑targeted agents; AR, androgen receptor. 
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on days 17 and 28 (2 and 13 days after drug addition). C4‑2 
cells were lysed with acetonitrile, and the supernatants were 
analyzed using LC‑ESI‑TOF/MS. The concentrations of each 
investigational agent used are listed in Table II. On day 17, 

the combination of dutasteride significantly decreased the 
concentration of 3‑keto‑5α‑abiraterone (t‑test, P<0.05) and 
3β‑OH‑5α‑abiraterone (P<0.01). On day 28, the combina‑
tion of dutasteride tended to decrease the concentration of 

Figure 3. Analysis of EMT‑ and AR‑related gene expressions and protein expressions in C4‑2 cells co‑cultured with and without osteoblasts. (A) mRNA 
expression of the EMT‑related genes (TGF‑β1, TGF‑β2, TWIST1, Snail2 and N‑cadherin) was significantly higher in the co‑culture than that in the mono‑
culture. AR and PSA (downstream gene of AR) were statistically higher in cells co‑cultured with osteoblasts. Each mRNA level was analyzed using reverse 
transcription‑quantitative PCR. (B) Analysis of EMT‑related protein expression levels in C4‑2 cells co‑cultured with and without osteoblast by western 
blotting. Identical expression pattern was observed between mRNA and protein of each gene. **P<0.01. EMT, epithelial‑mesenchymal transition; AR, androgen 
receptor; TWIST1, twist‑related protein 1; PSA, prostate‑specific antigen.
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3‑keto‑5α‑abiraterone (P=0.06) and a significant decrease in 
3β‑OH‑5α‑abiraterone (P<0.01). These results suggest that the 
combination of abiraterone and dutasteride had a more potent 
inhibitory effect on tumor growth by reducing the androgen 
receptor agonist activity of 5α‑abiraterone. In a phase II study 
of abiraterone and dutasteride combination therapy in CRPC 
patients (16), effective cases where PSA was decreased by the 
combined use of abiraterone and dutasteride showed a decrease 

in serum 3‑keto‑5α‑abiraterone concentration (Fig. S6), 
similar to the results of the microenvironmental model using 
the chitosan culture substrate.

Discussion

Recently, in vitro culture models using biomimetic nano‑
fiber scaffolds have been reported (19,20). Compared with 

Figure 4. Inhibition of tumor growth by the combination of abiraterone and dutasteride. (A) Comparison of longitudinal colony inhibition of C4‑2 among 
abiraterone, dutasteride and a combination of both. Each drug was added to culture medium at a concentration of 5 µM and dissolved by ethanol on day 15. 
A combination of abiraterone and dutasteride had a potent inhibitory effect on tumor growth (*P<0.01, day 46). (B) Dose‑response curve of abiraterone, 
dutasteride and their combination against C4‑2. Drug exposure time, 48 h; baseline drug concentration, 0.01 µM of each drug. Results were similar with the 
drug effect of growth curves. (C) Synergistic effect of the combination of abiraterone and dutasteride on tumor growth inhibition. Dose‑dependent effects and 
CI values were calculated using CompuSyn software. Drug exposure time, 48 h. 
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cells cultured on polystyrene culture dishes, cells cultured 
on three‑dimensional culture scaffolds formed colonies and 
maintained their morphology and functions similar to living 
organisms for a long time. In terms of the bone environment, 
chitosan nanofibers have attracted attention as a novel scaf‑
fold for the repair and regeneration of bone tissue. Long‑term 
culture of osteoblasts using chitosan nanofiber scaffolds has 
been reported to promote osteoblast propagation and matura‑
tion by regulating osteoblast‑related osteopontin, osteocalcin, 
and alkaline phosphatase expression via runt‑related transcrip‑
tion factor 2 (21). We hypothesized that co‑cultured osteoblasts 
and prostate cancer cells on chitosan nanofiber scaffolds would 
enable long‑term culture under conditions similar to those of 
living organisms. 

The bone microenvironment is important for research, given 
that bone metastases reflect the clinical picture of advanced 
prostate cancer and form a major cause of disease morbidity. 
Metastasis of prostate cancer cells to bone is a multi‑step 
process that involves detachment of cancer cells from the 
primary site, migration of cells in the blood or lymph, attach‑
ment to bone tissue, and development of tumors at the site of 
bone metastasis. The interaction between prostate cancer cells 
and osteoblasts is essential for bone metastasis (22,23). Prostate 
cancer cells preferentially migrate to osteoblast‑rich areas of 
the bone (24,25). The physical contact between prostate cancer 
cells and osteoblasts in bone destroys bone structure in the pres‑
ence of osteoclasts and develops a mutually enhanced growth 
cycle of prostate cancer cells and osteoblasts (26). Excretion of 
numerous molecular factors from bone‑residing cells further 
promotes cancer cell survival and metastatic progress. This 
phenomenon is known as the ‘feed forward cycle’ or ‘vicious 
cycle’ where transforming growth factor‑β (TGF‑β) plays an 
essential role as promoter of tumor cell survival and develop‑
ment in the bone microenvironment (27). TGF‑β signaling is 
a double‑edged sword in cancer. In the early stages of tumori‑
genesis, TGF‑β signaling acts as a tumor suppressor, while 

in advanced stages, it promotes epithelial‑to‑mesenchymal 
transition (EMT), invasion, and metastatic potential (25). 
TGF‑β expressed in the tumor microenvironment also affects 
other cell types, including immune cells and endothelial cells, 
causing immune suppression and angiogenesis and promoting 
metastatic dissemination of tumor cells (28).

In the present study, we established a novel microenvi‑
ronment model that mimics the bone microenvironment of 
CRPC, which reflects the bone microenvironment of mCRPC. 
The expression of TGF‑β was enhanced and promoted EMT in 
C4‑2 cells co‑cultured with osteoblasts. This is supported by 
previous reports (29,30) and demonstrates the validity of our 
model. Increased expression of TGF‑β increases the viability 
of C4‑2 cells, which is related to drug resistance (31,32). 
Co‑culture with osteoblasts demonstrated increased expres‑
sion of AR and its downstream gene, PSA. TGF‑β is involved 
in the upregulation of AR and the acquisition of castration 
resistance (33), which may be responsible for the difference 
in resistance to ARATs by co‑culture and sensitivity in drug 
sensitivity testing. In addition, co‑culture with osteoblasts 
showed increased expression of osteoblast stimulatory factors, 
bone morphogenetic protein 2 (BMP2), and vascular endo‑
thelial growth factor (VEGF‑A, VEGF‑B) (34). These results 
suggest that our model may be useful for understanding the 
molecular mechanisms of interaction between prostate cancer 
cells and osteoblasts and for the detection of new molecular 
targets for the treatment of bone metastasis. We aimed to 
stablish in vitro drug sensitivity testing for new ARATs which 
were testified to be effective in non‑metastatic CRPC patients. 
These patients are likely to harbor bone micrometastasis. The 
gene expression profile in our model suggest early phase may 
be representative of bone micrometastasis, and late phase 
may represent clinical bone metastases. Therefore, our model 
may include both non‑metastatic and metastatic CRPC. In 
addition, the combination of abiraterone and dutasteride 
had a synergistic effect on the colony growth of C4‑2 cells 

Table II. Intracellular concentrations of abiraterone and each metabolite.

A, Day 17

Metabolite Abiraterone Abiraterone + Dutasteride P‑value

Abiraterone, ng/ml 346.60±68.99 351.73±48.41 NS
Δ4 Abiraterone, ng/ml 4.54±1.14 3.08±0.38 NS
3‑keto‑5α‑Abiraterone, ng/ml 3.24±0.91 0.91±0.73   0.01
3β‑OH‑5α‑Abiraterone, ng/ml 8.63±0.43 0.99±0.73 <0.01

B, Day 28

Metabolite Abiraterone Abiraterone + Dutasteride P‑value

Abiraterone, ng/ml 1,228.76±81.91 2,125.07±145.86 <0.01
Δ4 Abiraterone, ng/ml 8.04±1.71 7.20±0.15 NS
3‑keto‑5α‑Abiraterone, ng/ml 2.97±0.81 1.73±0.77   0.06
3β‑OH‑5α‑Abiraterone, ng/ml 24.90±1.86 2.20±0.63 <0.01

The values are presented as mean ± SD. NS, Not Significant.
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in the microenvironment model. This could be attributed 
to the reduction of 3‑keto‑5α‑abiraterone which acts as an 
AR agonist. These results provide evidence that the combi‑
nation of abiraterone and dutasteride may be a clinically 
more potent treatment for prostate cancer than the other 
ARATs. The consistent phenomenon that the concentration 
of 3‑keto‑5α‑abiraterone decreased with the combination 
of abiraterone and dutasteride both from effective cases in 
phase II trials and from our model using C4‑2, means that this 
model may be valuable for the assessment of the bone micro‑
environment in CRPC.

Regarding the previous in vitro model using chitosan as a 3D 
substrate, a few publications have reported the benefit of chitosan 
in combination with chondroitin acid or alginate (35‑37). Neither 
chondroitin acid nor alginate was used in this model. However, 
these reports indicate that cells form colonies and grow using 
scaffolds. We also observed the induction of EMT by co‑culturing 
osteoblasts and tumor cells in the absence of chondroitin acid. 
The advantage of our model is the co‑culture of osteoblasts.

Recently, patient‑specific models of solid tumors using 3D 
cultures of spheroids and organoids from tumor cells or biop‑
sies have received much attention (38,39). Organoids derived 
from patient tissue have been used for in vitro screening of 
drug responsiveness prior to treatment to determine treatment 
strategies and predict efficacy. In future studies, patient‑specific 
3D models co‑cultured with organoids from patient prostate 
cancer tissue with osteoblasts using a chitosan fiber matrix 
may contribute to tailored medicine.

A limitation of this model is that it does not include 
osteoclasts, which are important factors in the bone micro‑
environment. Osteoclasts in bone destroy bone structure 
and develop a mutually enhanced growth cycle of prostate 
cancer cells and osteoblasts. Since bone metastases of 
prostate cancer are characterized as osteogenic rather than 
osteolytic, the lack of osteoclasts may not be so important 
for this model. Establishing mineralization by cancer cells 
should be the next challenge in future studies. The other 
limitation of this in vitro study is the lack of in vivo study. 
The mouse model of bone metastasis using prostate cancer 
cells has been reported (40), and we would like to eventually 
investigate the results of this study using a mouse model. The 
other limitation of this model is that it only uses C4‑2 cells as 
the prostate cancer cell line. This is because it was necessary 
to use a cell line to maintain AR activation and signaling 
through de novo intratumoral steroidogenesis to mimic the 
bone microenvironment of CRPC. Validation using several 
other CRPC cell lines, or patient‑derived cells (organoids) is 
needed in future studies.
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