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Abstract: Enzalutamide is a drug used to treat prostate cancer (PC) and docetaxel is a drug for chemotherapeutic 
treatment of diverse cancer types, including PC. The effectiveness of these drugs in treating castration-resistant 
prostate cancer (CRPC) is poor and therefore CRPC is still largely incurable. However, the bio-inhibitor of fatty acid-
binding protein 5 (FABP5), dmrFABP5, which is a mutant form of FABP5 incapable of binding to fatty acids, has 
been shown recently to be able to suppress the tumorigenicity and metastasis of cultured CRPC cells. The present 
study investigated the possible synergistic effect of dmrFABP5 combined with either enzalutamide or docetaxel on 
suppressing the tumorigenic properties of PC cells, including cell viability, migration, invasion and colony prolifera-
tion in soft agar. A highly significant synergistic inhibitory effect on these properties was observed when dmrFABP5 
was used in combination with enzalutamide on androgen-responsive PC 22RV1 cells. Moreover, a highly significant 
synergistic inhibitory effect was also observed when dmrFABP5 was combined with docetaxel, and added to 22RV1 
cells and to the highly malignant, androgen-receptor (AR)-negative Du145 cells. DmrFABP5 alone failed to produce 
any suppressive effect when added to the FABP5-negative cell line LNCaP, although enzalutamide could significantly 
suppress LNCaP cells when used as a single agent. These synergistic inhibitory effects of dmrFABP5 were produced 
by interrupting the FABP5-related signal transduction pathway in PC cells. Thus, dmrFABP5 appears to be not only 
a potential single therapeutic agent, but it may also be used in combination with existing drugs to suppress both 
AR-positive and AR-negative PC.
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Introduction

Despite the improvements in chemotherapeu-
tic and anti-androgen therapies in recent years, 
prostate cancer (PC) remains the second most 
common cause of cancer-related mortalities in 
men in developed countries [1]. PC responds 
well to anti-androgen treatments at an early 
stage, but in the majority of cases, the cancer 
relapses and becomes castration-resistant in 
~2 years after the initial treatment. The growth 
and dissemination of castration-resistant pros-
tate cancer (CRPC) no longer relies on male 
androgen stimulation, and CRPC responds 
poorly to further androgen deprivation therapy 

(ADT). Therefore, CRPC currently remains an 
incurable disease. Thus, it is imperative to un- 
derstand the molecular mechanisms involved 
in the conversion of cancer cells from an andro-
gen-dependent to an androgen-independent 
state, so that new strategies may be identified 
to treat this aggressive CRPC [2]. Like the 
majority of adenocarcinomas, cancer of the 
prostate needs lipids as an energy source to 
fuel its development and expansion; thus, dys-
regulated lipid metabolism is well known to be 
associated with the onset and progression of 
PC cells [3-6]. In addition, the lipid-degraded 
products, namely fatty acids, participate in a 
variety of biological processes by acting as key 
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signalling molecules in pathways involved in 
the advancement of PC. One such related mol-
ecule is fatty acid-binding protein 5 (FABP5) [7, 
8]. It is a member of a family of intracellular 
lipid chaperones that transport fatty acids to 
their nuclear receptor peroxisome proliferator-
activated receptor (PPARγ). This interaction 
results in the upregulation of the pro-angiogen-
ic protein vascular endothelial growth factor 
(VEGF), which, in turns, can lead to the malig-
nant progression of CRPC cells [9-12]. In nor-
mal prostate cells, FABP5 is either not 
expressed or expressed at a markedly low level, 
but its expression is greatly increased in PC 
cells. The increased level of FABP5 in prostate 
carcinomas significantly correlates with the 
degree of malignancy measured by combined 
Gleason scores. The highest level of FABP5 is 
expressed by the most advanced, highly malig-
nant carcinoma types [8-10, 12]. Moreover, the 
nuclear fatty acid receptor PPARγ, which upreg-
ulates the expression of the VEGF gene, is 
greatly increased when responding to fatty acid 
stimulation, and this increase is significantly 
associated with reduced patient survival times 
[8-10].

Since increased expression of FABP5 is a 
strong factor in promoting the malignant pro-
gression of PC cells [9, 10, 13], targeting this 
increased FABP5 may be a novel strategy to 
suppress the malignant progression of cancer 
cells [14]. Recently, a chemical inhibitor of 
FABP5, named SB-FI-26, originally developed 
as an anti-inflammatory and anti-nociceptive 
drug [15], was used to treat CRPC cells. It pro-
duced a 9-fold suppression of the primary 
tumour mass and a 50% suppression of tumour 
metastasis in an experimental nude mouse 
model [16]. More recently, a potent FABP5 bio-
inhibitor called dmrFABP5 has been developed, 
which is a recombinant protein with 2 of the 3 
key amino acids in the fatty acid-binding motif 
of FABP5 mutated. When tested in a nude 
mouse model, dmrFABP5 produced a 14-fold 
reduction in the primary tumour mass and a 
100% suppression of tumour metastasis [17]. 
Moreover, SB-FI-26 competitively inhibited the 
cellular uptake of fatty acids and disrupted the 
FABP5-PPARγ-VEGF signalling transduction 
pathway in CRPC cells. However, the molecular 
mechanisms by which dmrFABP5 suppresses 
cancer cell proliferation are not fully under-
stood, and recent evidence suggests that 

dmrFABP5 may be involved in promoting the 
apoptosis of cancer cells by reversing the bio-
logical function of FABP5 [17-19].

There are a number of standard chemothera-
peutic agents for CRPC treatment such as 
docetaxel [20, 21], which targets microtubules, 
disrupts the cell cycle and promotes apoptosis 
[22]. Docetaxel plays a significant role in the 
increased level of acetylation of α-tubulins, 
which can lead to a reduction in the VEGF level, 
an increase in apoptosis [23, 24], and a down-
regulation of androgen receptor (AR) [25]. 
Moreover, docetaxel can suppress Bcl-2 
expression and increase the level of Bax pro-
teins, thereby disrupting the balance between 
promoting and suppressing apoptosis [26, 27]. 
Although docetaxel is often used for clinical 
treatment, resistance to this drug frequently 
develops in PC cells [28]. Regarding ADT, the 
AR inhibitor enzalutamide is a novel anti-andro-
gen that has been used to treat CRPC [29, 30], 
but resistance to this treatment still develops 
[31-33]. Resistance to enzalutamide is consid-
ered to be related to the generation of AR 
spliced variants, particularly AR-V7 [34-37], 
which lacks the ligand-binding domain (LBD). 
Therefore, it has been reported that enzalu-
tamide is not able to bind to AR-V7, and thus 
the treatment effect is poor in such cases [38].

Treatment of PC with docetaxel and enzalu-
tamide suppresses tumorigenicity of the can-
cer cells by targeting different mechanisms, 
but the development of resistance to both sep-
arate treatments appears to be inevitable [20, 
21, 31, 39]. At present, it is not clear whether 
combination therapy can improve antitumor 
activity or reduce resistance to docetaxel and 
enzalutamide, perhaps by minimising the side 
effects associated with chemotherapy and ADT 
[40-42]. The current study aims to investigate 
the complex association between different 
doses and combinations of dmrFABP5 and 
either docetaxel or enzalutamide for suppress-
ing the malignant progression of CRPC cells.

Materials and methods

Cell lines and culture

Various well-characterised PC cell lines are 
widely used for testing new drugs [43]. Thus, 
the present study used the following 3 cell lines 
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(ATCC, USA): Du145, 22RV1 and LNCaP. Du145 
is a highly malignant PC cell line established 
from a brain metastasis. Du145 does not 
express AR but expresses high levels of FABP5 
[7, 8]. 22RV1 is a moderately malignant cell line 
established from an original prostate carcino-
ma. This cell line expresses moderately high 
levels of both AR and FABP5. LNCaP is a weakly 
malignant cell line established from a lymph 
node adjacent to an original carcinoma. It does 
not express FABP5, but it can express AR [44]. 
All cell lines were cultured in complete medium 
containing RPMI 1640 (Gibco; Thermo Fisher 
Scientific, Inc.) supplemented with 5 ml 
L-glutamine (20 mM), 10% (v/v) FBS (Gibco; 
Thermo Fisher Scientific, Inc.) and 100 U/ml 
penicillin/streptomycin (Sigma-Aldrich; Merck 
KGaA), and incubated in a 37°C incubator with 
a humid atmosphere of 5% (v/v) CO2, 95% (v/v) 
air. The culture medium was replaced every 3 
days and cells proliferated as monolayers. The 
cultured cells were subjected to short tandem 
repeats profile analysis every 3 years to ensure 
their authenticity.

Expression of dmrFABP5 in Escherichia coli (E. 
coli) cells

The process employed to produce recombinant 
dmrFABP5 was similar to that reported previ-
ously [17]. The DNA plasmid (BD Biosciences 
CloneTech, CA, USA) containing the expression 
construct was transformed into the DH5α 
strain of E. coli cells. A single colony harbouring 
the expression construct was picked up with  
a sterile loop from a selective antibiotic 
(ampicillin)-containing Luria-Bertani (LB) agar 
plate, inoculated into 10 ml LB medium with 50 
μg/ml ampicillin in a 50-ml flask, and incubated 
overnight at 37°C with 230 rpm agitation. The 
overnight bacterial culture (10 ml) was trans-
ferred into a flask with 250 ml prewarmed 
medium and ampicillin, and cultured at 37°C 
with constant agitation until the optical density 
at 600 nm reached 0.6. Next, isopropylthioga-
lactoside (IPTG) (Sigma-Aldrich; Merck KGaA) 
was added to a final concentration of 1 mM to 
stimulate the expression of the recombinant 
protein. The largest quantity of recombinant 
protein was produced during the first 4 h after 
IPTG induction. The culture was then centri-
fuged at 4,000×g for 30 min to collect the cells, 
and the pellets were kept at -20°C in a freezer 
(Bako, UK) until subsequent experiments.

DmrFABP5 protein purification

N-Terminus pQE 30 series vectors (Qiagen, Inc.) 
were used to express a high level of N-terminally 
6× His-tagged recombinant FABP5 in DH5α E. 
coli cells. 6-His-tagged proteins were purified 
using a Ni-NTA Fast Start Kit (Qiagen, Inc.). 
Bacterial cell pellets were suspended in 10 ml 
Lysis Buffer (pH 8.0), incubated at room tem-
perature for 60 min, and then centrifuged at 
14,000×g for 30 min at 4°C. The recombinant 
protein-containing supernatant was extracted 
from the debris, collected and placed onto a 
Ni-NTA column (included in the kit, Qiagen, Inc.) 
that was conjugated to an anti-6-His-tag anti-
body. The recombinant protein attached to the 
anti-6-His-tag antibody was eluted after three 
washes with 4 ml Washing Buffer (pH 8.0). As 
previously described [17], the two eluted frac-
tions were collected, and samples were sub-
jected to SDS-PAGE and Western blot as 
instructed by the manufacturer to establish the 
size and purity of the resultant recombinant 
protein (data not shown).

Drug preparation and treatment plans

Docetaxel and enzalutamide, which were pur-
chased from MedChem Express, were dis-
solved in dimethyl sulfoxide (DMSO) to prepare 
a stock solution. To avoid repeated freezing, 
drugs were diluted in DMSO, aliquoted and 
stored at -80°C. Cells were first treated with 
each single agent at different dilutions to iden-
tify the concentration that inhibited cell prolif-
eration by 50% (that is the IC50). The combina-
tion treatment groups for the in vitro assays 
were evaluated by using the concentrations 
corresponding to the IC50 of every single agent. 

Cell viability and combination index (CI) assays

Du145 cells were plated at 5,000 cells/well, 
whilst 22RV1 and LNCaP cells were plated at 
10,000 cells/well in a 96-well plate and treated 
with each drug alone, to evaluate cell viability 
and determine the IC50. Controls were treated 
with DMSO for docetaxel and enzalutamide 
experiments, and with PBS for dmrFABP5 
experiments. For Du145 and 22RV1 cells, 
dmrFABP5 was used from 0.05-20 µM concen-
trations, while docetaxel was used at doses 
ranging from 0.001 to 200 nM and enzalu-
tamide from 1-100 µM. For LNCaP cells, the 
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concentrations used ranged from 0.001-100 
µM. 

Cells were incubated with each drug either sin-
gly or in combination with dmrFABP5 using dif-
ferent concentrations for 72 h. Cells were then 
evaluated with PrestoBlue HS viability reagent 
(Invitrogen; Thermo Fisher Scientific, Inc.), and 
the results of cell viability were calculated as a 
percentage of the control. The mean ± SEM of 
3 separate experiments are shown. Synergistic 
interactions were evaluated according to the 
Chou-Talalay method by using CompuSyn to 
calculate the CI. Values <0.9 were considered 
to be synergistic [45]. 

Invasion assays

The invasive abilities of the cells were assessed 
using Boyden Chambers in a 24-well plate con-
taining 8-µM pore membranes. Du145, 22RV1 
and LNCaP cells were seeded in the upper com-
partment with 0.1% (v/v) DMSO for the control 
group. Du145 and 22RV1 cells were treated for 
24 h with dmrFABP5 at doses of 5, 10 and 20 
µM; docetaxel at doses of 2.5, 3 and 4 nM; and 
enzalutamide at doses of 10 and 100 µM. For 
LNCaP cells, the dmrFABP5 dose was selected 
as 100 nM alone or in combination with either 
drug. In the lower compartment of each Boyden 
Chamber, 500 µl complete RPMI 1640 medium 
was added as a chemoattractant, while in the 
upper compartment, 500 µl serum-free RPMI 
1640 medium supplemented with 100 U peni-
cillin/streptomycin was added. Cells with inva-
sive abilities were able to invade through the 
Matrigel (supplied with the chamber) via the 
pores. The invaded cells were stained with crys-
tal violet and counted. The mean ± SEM of 3 
separate experiments are shown.

Wound healing assay

Ibidi culture insets in an µ-dish were used to 
assess the migration and wound closure abili-
ties of cells. The combination treatment time 
points were evaluated according to the aggres-
siveness of the cells. Thus, Du145 was evalu-
ated at 0, 12 and 24 h, whilst 22RV1 and 
LNCaP cells were evaluated at 0, 24, 48 and 72 
h. The combination treatment methods used in 
the present study have been described previ-
ously [46]. The mean percentage of the original 
width of the wound ± is shown for 3 separate 
experiments.

Colony formation assay in soft agar

The soft agar assay, a method for testing the 
anchorage-independent proliferation of the 
cells, was carried out in 6-well plates that had 
been pre-coated with 2 ml 1% (w/v) low melting 
agarose in complete culture medium and hard-
ened for 10 min in a 4°C refrigerator. Du145, 
22RV1 and LNCaP cells were cultured to 
60-80% confluence in a flask, collected and 
then suspended in RPMI complete culture 
medium. The cells were plated in triplicate into 
0.5% (v/v) agar in 6-well plates with complete 
culture medium on the top layer of the well, and 
the plates were placed in the refrigerator for 10 
min until the agar hardened. Du145, 22RV1 
and LNCaP cells were seeded at 60,000 cells 
per well in 6-well plates and incubated at 37°C 
in an atmosphere of 5% (v/v) CO2, 95% (v/v) air. 
After 1 week of incubation, 250 µl medium 
alone or medium containing a single agent or a 
combination of agents was added to the 6-well 
plates. After 3 weeks, the 6-well plates were 
treated with 0.5 mg/ml MTT at a concentration 
of 0.5 mg/ml for 4 h at 37°C. The number of 
colonies growing in suspension was counted 
with GelCount (Oxford Optronix). Colonies were 
only counted if their diameter was ≥250 µm for 
Du145 and 22RV1 cells, and ≥150 µm for 
LNCaP cells. The mean ± SEM of 3 separate 
experiments are shown.

Western blotting

Cells were washed twice with PBS and lysed 
with lysis buffer containing protease inhibitors 
(Qiagen, Inc.). Cell lysates were centrifuged at 
4000 g for 15 min at 4°C, and the supernatant 
collected and the protein concentration was 
estimated by Bradford assay (Quick Start 
Bradford Protein Assay; Bio-Rad Laboratories, 
Inc.). Proteins (20 μg per sample) were loaded 
on a Mini protein gel (Bio-Rad Laboratories, 
Inc.) containing 15% (w/v) polyacrylamide, and, 
after electrophoresis, they were transferred to 
PVDF membranes (MilliporeSigma). The mem-
branes were incubated in blocking buffer [5% 
(v/v) TBS-Tween 20 (TBS-T) in 0.1% (w/v) 
skimmed milk] for 1 h, and then washed three 
times with TBS-T for 15 min. Next, the mem-
branes were incubated with primary antibodies 
against AR (1:400 dilution), VEGF (1:1,000), 
PPARγ (1:200), phosphorylated (p)-PPARγ 
(1:500), Sp1 (1:1,000), Bcl-2 (1:500), Bax 
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(1:500), acetylated α-tubulin (1:300) and 
β-actin (1:5,000) (for normalization) overnight 
at 4°C. Membranes were then washed three 
times with T-BST for 15 min, and incubated 
with the secondary antibodies polyclonal rabbit 
anti-mouse IgG-horseradish peroxidase (HRP) 
(1:10,000) or polyclonal swan anti-rabbit IgG-
HRP (1:10,000) for 2 h at room temperature. 
The detailed antibodies used in FABP5 detec-
tion are shown in Table 1A. Antibodies used for 
detection of other protein are shown in Table 
1B. The bands on the membranes were then 
visualized with Immobilon ECL Ultra Western 
HRP Substrate (cat no. #WBULS0500; Merck 
KGaA) using a ChemiDoc imaging system (Bio-
Rad). The bands on the blot were quantified 
with ImageJ 1.48 software. Results are 
expressed as a mean (± SEM) percentage nor-
malised to that for β-actin from 3 different 
experiments. 

Statistical analysis

Each experiment was conducted in triplicate 
and data are presented as the mean ± stan-
dard error (SEM). Student’s t-test was used to 
compare means (paired) using GraphPad Prism 
9 (GraphPad Software; Dotmatics). P<0.05 was 
considered to indicate a statistically significant 
difference. The control was compared with 
each single agent treatment and each single 
agent treatment was compared with the combi-
nation treatment. Synergistic interaction was 
evaluated according to the Chou-Talalay meth-
od using CompuSyn software to calculate CI. CI 
values <0.9 were considered to be synergistic 
[45].

Results

Compound concentrations used to achieve 
50% proliferation inhibition of PC cells

Different concentrations of the above three 
compounds were added to the PC cell lines, 
and cell viability was recorded at 72 h as a per-
centage of the control (Figure 1). The IC50 con-
centrations of docetaxel in Du145, 22RV1 and 
LNCaP cells were 3, 4 and 2.2 nM, respectively 
(Figure 1A-C). Since enzalutamide failed to 
achieve significant inhibition of Du145 and 
22RV1 cells (Figure 1D and 1E), no IC50 could 
be calculated. In LNCaP cells, the IC50 concen-
tration of enzalutamide was 97 nM (Figure 1F). 
The IC50 concentration of dmrFABP5 in Du145 
and 22RV1 cells was 5 and 12 µM, respectively 
(Figure 1G and 1H). Since dmrFABP5 did not 
cause inhibition of FABP5-negative LNCaP cells 
(Figure 1I), its IC50 in this cell line could not be 
calculated.

Effect of dmrFABP5 in combination with 
docetaxel in PC cell lines

The effect of dmrFABP5 combined with 
docetaxel on Du145 cells is shown in Figure 2, 
and the results of CI analysis results are shown 
in Table 2. When a fixed concentration of 
dmrFABP5 (5 µM) was combined with docetax-
el at different concentrations (3, 0.3 and 0.03 
nM) in Du145 cells, it suppressed cell prolifera-
tion by 89, 66 and 58%, respectively, compared 
to 51, 46 and 29%, respectively for docetaxel 
alone (Figure 2A). This yielded CIs of 0.00714, 
0.38970 and 0.6585, respectively (Table 2A). 

Table 1A. Antibodies used in detection of recombinant FABP5
Protein Primary Antibody Secondary Antibody
FABP5 Rabit Antihuman Monoclonal (1:500) (HycultR Biotech) Swine Anti-Rabit Polyclonal HRP (1:10,000) (DAKO)
6-His-tagged Penta-His Mouse Monoclonal (1:1000) (Qiagen) Rabit-Anti-Mouse Polyclonal HRP (1:10,000) (DAKO)
β-Actin Mouse Monoclonal Anti-β-Actin (1:20,000) (Abcam) Rabit-Anti-Mouse Polyclonal HRP (1:20,000) (DAKO)

Table 1B. Antibodies and dilutions used for detection of different proteins
AR Mouse monoclonal (1:400) (Santa Cruz) Rabbit Anti-Mouse Polyclonal HRP (1:10,000) (DAKO)

AR-V7 Rabbit polyclonal (1:1000) (Cell Signalling) Swine Anti-Rabbit Polyclonal HRP (1:10,000) (DAKO)

Sp1 Rabbit polyclonal (1:1000) (Cell Signalling) Swine Anti-Rabbit Polyclonal HRP (1:10,000) (DAKO)

Bcl-2 Mouse monoclonal (1:250) (Santa Cruz) Rabbit Anti-Mouse Polyclonal HRP (1:10,000) (DAKO)

BAX Mouse monoclonal (1:500) (Santa Cruz) Rabbit Anti-Mouse Polyclonal HRP (1:10,000) (DAKO)

PPARγ Mouse monoclonal (1:500) (Santa Cruz) Rabbit Anti-Mouse Polyclonal HRP (1:10,000) (DAKO)

pPPARγ (Ser112) Rabbit polyclonal phospho-PPARγ (Ser112) (1:250) (Thermo Fisher) Swine Anti-Rabbit Polyclonal HRP (1:10,000) (DAKO)

VEGF Rabbit polyclonal (1:1000) (Abcam) Swine Anti-Rabbit Polyclonal HRP (1:10,000) (DAKO)
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No synergistic interaction for the combination 
of dmrFABP5 with docetaxel at 0.003 nM was 
observed. Similar synergistic effects were 
found when a fixed concentration of docetaxel 
(3 nM) was combined with dmrFABP5 at differ-
ent concentrations (5, 1 and 0.5 µM), produc-
ing inhibitions of 86, 60 and 48% respectively, 
compared to 52, 38 and 30%, respectively, for 
dmrFABP5 alone (Figure 2B). This result yielded 
CI values of 0.00445, 0.1639 and 0.2281, 
respectively. No synergistic enhancement was 
found when 3 nM docetaxel was combined with 
0.1 µM dmrFABP5 (Table 2B).

Further synergistic interactions were obtained 
in 22RV1 cells when a fixed dose of dmrFABP5 
(10 µM) was added to 4, 0.4, 0.04 and 0.004 
nM docetaxel (Figure 3 and Table 3). It yielded 
reductions of 92, 78, 53 and 52%, respectively 

(Figure 3A), and CI values of 0.06834, 0.61895, 
0.81263 and 0.71955, respectively (Table 3A). 
Similarly, when a fixed dose of docetaxel (4 nM) 
was combined with dmrFABP5 at 10, 5 and 1 
µM, it yielded reductions of 93, 69 and 67%, 
respectively compared with reductions of 53, 
49 and 36%, respectively for dmrFABP5 alone 
(Figure 3B). These suppressions were synergis-
tic interactions with CI values of 0.07239, 
0.53598 and 0.38839, respectively (Table 3B). 
The maximum suppression was found when 
the two compounds were added together at 
their IC50 (CI=0.06834). There was no synergis-
tic effect when dmrFABP5 at 0.5 µM was added 
alongside 4 nM docetaxel (CI=7.43467) (Table 
3B).

Both compounds were used to treat LNCaP 
cells, but no synergistic interactions were 

Figure 1. Determination of IC50 values for viability of cells treated with different concentrations of each compound. 
The cell viability of the prostate cancer cell lines (A) Du145, (B) 22RV1 and (C) LNCaP was evaluated upon treatment 
with different concentrations of docetaxel. The viability of (D) Du145, (E) 22RV1 and (F) LNCaP cells was determined 
treatment with different concentrations of enzalutamide. The viability of (G) Du145, (H) 22RV1 and (I) LNCaP cells 
was determined upon treatment with different concentrations of dmrFABP5. IC50 values were calculated for each 
cell line as described in the Materials and methods section, and are depicted by an arrowhead. IC50, half-maximal 
inhibitory concentration.
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observed (Figure 4). Thus, when a fixed dose of 
dmrFABP5 at 20 µM was mixed with docetaxel 
at 20, 2, 0.2 and 0.02 nM (Figure 4A), they pro-
duced inhibitions of 61, 47, 32 and 15%, 
respectively, compared to 63, 51, 33 and 14%, 
respectively, for docetaxel alone. Similarly, 
when a fixed dose of docetaxel at 2 nM was 
combined with dmrFABP5 at 20, 10, 5 and 1 
µM (Figure 4B), it was suppressed by 45,  
42, 44 and 47%, respectively, compared to 6, 
5, 3 and 5% suppression, respectively, for 
dmrFABP5 alone. This yielded CIs>1.000. 

Effect of dmrFABP5 in combination with 
enzalutamide on PC cell lines

The combination of dmrFABP5 with enzalu-
tamide (Figure 5) did not produce any synergis-
tic effect, although dmrFABP5 alone significant-
ly suppressed Du145 cell proliferation. When 
dmrFABP5 was fixed at 5 µM and added along-
side enzalutamide at 100, 50, 10 and 1 µM, 

this inhibited cell proliferation by 51, 43, 45 
and 47%, respectively, compared to inhibitions 
of 4, 6, 5 and 1%, respectively, caused by 
enzalutamide alone (Figure 5A). This yielded 
CIs>1.000. A similar lack of synergistic effect 
was observed when a fixed dose of enzalu-
tamide at 100 µM was added alongside 5, 1, 
0.5 and 0.1 µM dmrFABP5 (Figure 5B). This 
suppressed proliferation by 47, 44, 29 and 8%, 
respectively. By contrast, dmrFABP5 alone pro-
duced 51, 47, 31 and 9% inhibition, respective-
ly. This yielded CIs>1.000.

By contrast, a synergistic effect was achieved 
when dmrFABP5 was combined with enzalu-
tamide on 22RV1 cells (Figure 6 and Table 4). 
Thus, when a fixed dose of dmrFABP5 at 10 µM 
was added with enzalutamide at 50, 10 and 5 
µM (Figure 6A), it produced suppressions of 87, 
77 and 45%, respectively, compared to enzalu-
tamide alone at 16, 11 and 7%, respectively. 
This yielded CIs of 0.14490, 0.10838 (as a 

Figure 2. Effect of dmrFABP5 on the tumor-suppression activity of docetaxel and relevant regulators in Du145 cells. 
A. Effect on the viability (as a percentage of the control) of cells treated with a fixed dose of dmrFABP5 combined 
with different doses of docetaxel for 72 h. B. Effect on the viability (as a percentage of the control) of cells treated 
with a fixed dose of docetaxel combined with different doses of dmrFABP5 for 72 h. C. Effect of dmrFABP5 com-
bined with docetaxel on cell migration in wound healing at 24 h. Magnification: 20×. D. Quantitative assessment of 
the width of the remaining wound expressed as a percentage of that of the original wound. E. Effect of dmrFABP5 
combined with docetaxel on cell invasion at 24 h. Magnification: 40×. F. Quantitative assessment of the numbers of 
invaded cells at 24 h. G. Effect of dmrFABP5 combined with docetaxel on cell anchorage-independent proliferation 
in soft agar. Colonies >250 µm in diameters were counted. H. Quantitative assessment of the number of colonies 
formed in soft agar after 21 days. I. Western blotting analysis of the effect of dmrFABP5 combined with docetaxel on 
the levels of protein regulators after 24 h of treatment. J. Quantitative assessment of the results of Western blotting 
for vascular endothelial growth factor, PPARγ, phosphorylated PPARγ, Bax, and Bcl-2, normalized first to β-actin and 
then to the control. Each experiment was performed in triplicate and the data are presented as the mean ± standard 
error of the mean. Student’s t-test was used to compare the means. P<0.05 was considered to indicate a statisti-
cally significant difference. *P<0.05, **P<0.001, ***P<0.0001, ****P<0.00001. C, control; dmr, dmrFABP5; DOC, 
docetaxel; Com, combination of dmr and DOC; FABP5, fatty acid-binding protein 5; PPARγ, peroxisome proliferator-
activated receptor.

Table 2. Combination Index (CI) analysis for dmrFABP5 combined with docetaxel in Du-145 cells
A. Fixed concentration of dmrFABP5 combined with different concentrations of docetaxel
Cell lines Dmr, μM Docetaxel, nM Suppression % CI values Relationship
Du145 5 3 86 0.007 Synergistic
Du145 5 0.3 67 0.389 Synergistic
Du145 5 0.03 48 0.658 Synergistic
Du145 5 0.003 12 12.176 Not synergistic
B. Fixed concentration of docetaxel combined with different concentrations of dmrFABP5
Cell lines Dmr, μM Docetaxel, nM Suppression % CI values Relationship
Du145 0.1 3 23 2.4818 Not synergistic
Du145 0.5 3 48 0.2281 Synergistic
Du145 1 3 60 0.1639 Synergistic
Du145 5 3 81 0.0044 Synergistic
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maximum suppression) and 0.88896, respec-
tively (Table 4A). There was no synergistic sup-
pression of dmrFABP5 at 10 µM combined with 
enzalutamide at 1 µM (CI=1.21405). However, 
a synergistic effect was found (Figure 6B) when 
the dose of enzalutamide was fixed at 10 µM 
and dmrFABP5 was added at 10, 5 and 1 µM, 
which produced reductions of 81, 62 and 44%, 
respectively, compared to 58, 46 and 26%, 
respectively, for dmrFABP5 alone. Enzalutamide 
at 10 µM in combination with dmrFABP5 at 0.5 
µM did not produce a synergistic effect 
(CI=1.49663) (Table 4B).

Further investigations were performed on 
LNCaP cells (Figure 7). When the dose of 
dmrFABP5 was fixed at 20 µM and it was com-
bined with enzalutamide (Figure 7A) at 1, 0.1, 
0.01 and 0.001 µM, cell proliferation was inhib-
ited by 80, 49, 32 and 6%, respectively, com-
pared to 79, 48, 34 and 7%, respectively, for 

enzalutamide alone, yielding CIs that showed 
no synergy. Similarly, when a fixed dose of 
enzalutamide at 0.1 µM was combined with 
dmrFABP5 at 20, 10, 5 and 1 µM (Figure 7B), 
cell proliferation was inhibited by 45, 47, 44 
and 47%, respectively, compared to 6, 5, 3 and 
5%, respectively, for dmrFABP5 alone, yielding 
CIs that showed no synergy.

Effect of dmrFABP5 in combination with 
docetaxel or enzalutamide on the malignant 
characteristics of PC cells

Motility assay: Du145 cells were treated with 
DMSO as control for 24 h, the wound was 
almost completely closed (0%) (Figure 2C, 2D). 
When treated with 3 nM docetaxel or 5 µM 
dmrFABP5 (Figure 2C), the width of the remain-
ing wound was reduced to 70 or 82%, respec-
tively, of that of the original wound. Whereas 
after 24 h, the wound width was 37 or 51%, 

Figure 3. Effect of double mutated recombinant (dmr)FABP5 on the tumor-suppressive activity of docetaxel and 
relevant regulators in 22RV1 cells. (A) Effect on cell viability produced by a fixed dose of dmrFABP5 combined with 
different doses of docetaxel as a percentage of the control after 72 h. (B) Effect on cell viability produced by a fixed 
dose of docetaxel combined with different doses of dmrFABP5 as a percentage of the control after 72 h. (C) Effect of 
dmrFABP5 combined with docetaxel on cell migration in wound healing at 72 h (magnification: 20×) and (D) Quan-
titative assessment in terms of the percentage of original width of the wound. (E) Effect of dmrFABP5 combined 
with docetaxel on cell invasion at 24 h (magnification: 40×) and (F) Quantitative assessment in terms of number 
of invaded cells. (G) Effect of dmrFABP5 combined with docetaxel on cell anchorage-independent growth of cells in 
soft agar for 21 days (colonies >250 µm in diameters were counted) and (H) Quantitative assessment of the number 
of cell colonies after 21 days. (I) Western blot analysis of the effect of dmrFABP5 combined with docetaxel on the 
levels of the protein regulators AR, AR-V7, vascular endothelial growth factor, PPARγ, phosphorylated PPARγ, Sp1, 
Bcl-2, Bax and α-tubulin. Levels of the proteins were first normalized to β-actin and then to the control. (J) Quantita-
tive assessment of the relative levels of the protein regulator by densitometric measurement of the intensities of the 
protein bands on the blots. Each experiment was performed in triplicate and the data are presented as the mean ± 
standard error of the mean. Student’s t-test was used to compare the means. P<0.05 was considered to indicate a 
statistically significant difference. *P<0.05, **P<0.001, ***P<0.0001, ****P<0.00001. C, control; dmr, dmrFABP5 or 
double mutated recombinant FABP5; DOC, docetaxel; Com, combination of dmr and DOC; FABP5, fatty acid-binding 
protein 5; PPARγ, peroxisome proliferator-activated receptor; AR, androgen-receptor.

Table 3. Combination Index (CI) analysis for dmrFABP5 combined with docetaxel in 22RV1 cells
A. Fixed concentration of dmrFABP5 combined with different concentrations of docetaxel
Cell lines Dmr, μM Docetaxel, nM Suppression % CI values Relationship
22RV1 10 4 88 0.06834 Synergistic
22RV1 10 0.4 78 0.61895 Synergistic
22RV1 10 0.04 53 0.81263 Synergistic
22RV1 10 0.004 52 0.71955 Synergistic
B. Fixed concentration of docetaxel combined with different concentrations of dmrFABP5
Cell lines Dmr, μM Docetaxel, nM Suppression % CI values Relationship
22RV1 0.5 4 31 7.43467 Not synergistic
22RV1 1 4 59 0.38839 Synergistic
22RV1 5 4 66 0.53598 Synergistic
22RV1 10 4 89 0.07239 Synergistic
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Figure 4. Effect of dmrFABP5 on the tumor-suppressive activity of docetaxel in LNCaP cells. (A) Effect on cell viability 
produced by a fixed dose of dmrFABP5 combined with different doses of docetaxel as a percentage of the control at 
72 h. (B) Effect on cell viability produced by a fixed dose of docetaxel combined with different doses of dmrFABP5 
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respectively, of the original width. Inhibition 
was statistically significant at both inhibitions 
compared to the control groups (Student’s 
t-test, P<0.05) (Figure 2D). The combination of 
both agents produced significantly wider 
wounds (Student’s t-test, P<0.05) than those 
produced by either agent alone; with widths of 
96 and 93% compared to that of the original 
wound (100%) after 12 and 24 h, respectively. 

The same treatments were used on 22RV1 
cells; DMSO was used for the control, and 
either docetaxel at 4 nM, dmrFABP5 at 10 µM 
or both compounds in combination were 
employed at different times (0, 24, 48 and 72 
h) (Figure 3C). After 24 h, the gap widths were 
60, 77, 79 and 96%, respectively, of the width 
of the original wound; this proved not to be sig-
nificant (Student’s t-test, P>0.05). Whereas 
after 48 h, the wound width was 49, 70, 69 and 
92%, respectively, of the original wound. After 
72 h, the widths were 20, 37, 40 and 89%, 
respectively. There was a significant difference 
in inhibition for each drug alone and in combi-
nation compared to the control, and the combi-
nation over the total inhibition by the 2 agents 
separately after 72 h (Student’s t-test, P<0.001) 
(Figure 3D). 

For LNCaP cells (Figure 4C), the same treat-
ments were applied; DMSO control, 2 nM 
docetaxel, 20 µM dmrFABP5 and a combina-
tion of both drugs. After 24 h, the gap widths 
were 72, 69, 91 and 87%, respectively, of the 
widths of the original wounds. After 48 h, the 
gap widths were 53, 50, 81 and 79%, respec-
tively, of the widths of the original wounds. After 
72 h, the gaps widths were 3, 4, 69 and 65%, 
respectively, of those of the original wounds. At 
all times, docetaxel significantly inhibited 
wound closure (P<0.001), but dmrFABP5 failed 
to do so or to exert a significant effect on the 
combination of these drugs (P>0.05) (Figure 
4D).

Further treatments were used when dmrFABP5 
was combined with enzalutamide and their 
suppressive effects were investigated on 
Du145, 22RV1 and LNCaP cells. When Du145 
cells were treated with DMSO, 100 µM enzalu-
tamide, 5 µM dmrFABP5 or a combination of 
these drugs (Figure 5C), the gap widths after 
12 h were 46, 47, 89 and 90%, respectively, 
while after 24 h, the gap widths were 5, 3, 78 
and 76%, respectively. There was no significant 
effect with enzalutamide treatment compared 
to the control (Student’s t-test, P>0.05), but  
a significant inhibition was observed with 
dmrFABP5 alone (P<0.0001) without further 
significant inhibition when in combination 
(Figure 5D).

22RV1 cells were treated with DMSO, 10 µM 
enzalutamide, 10 µM dmrFABP5 or a combina-
tion of both drugs (Figure 6C). The gap widths 
after 24 h were 74, 76, 88 and 97%, respec-
tively. After 72 h, the gap widths were 33, 37, 
69 and 91%, respectively, of the original width 
(Figure 6D). There was no significant inhibitory 
effect compared with the control after treat-
ment with enzalutamide (P>0.05). However,  
at 72 h, dmrFABP5 showed a significant inhibi-
tion (P<0.001), which was further significantly 
increased when used in combination (P< 
0.00001).

When LNCaP cells were treated for 24 h with 
DMSO, 100 nM enzalutamide, 20 µM dmrFABP5 
or a combination of these drugs (Figure 7C), the 
gap widths were 74, 91, 71 and 86%, respec-
tively, while after 48 h, the gap widths were 48, 
91, 51 and 86%, respectively. After 72 h, the 
gap widths were 7, 65, 9 and 63%, respectively. 
Thus there was no significant effect over the 
control for dmrFABP5 treatment (P>0.05). 
However, enzalutamide alone showed signifi-
cant inhibition at all times (P<0.05), but without 
any enhancement when used in combination 
with dmrFABP5 (P>0.05) (Figure 7D). 

as a percentage of the control. (C) Effect of dmrFABP5 combined with docetaxel on cell migration in wound heal-
ing (magnification: 20×) and (D) Quantitative assessment in terms of the percentage of the average width of the 
wound remaining after 72 h. (E) Effect of dmrFABP5 combined with docetaxel on cell invasion (magnification: 40×) 
and (F) Quantitative assessment of the average number of invaded cells at 24 h. (G) Effect of dmrFABP5 combined 
with docetaxel on anchorage-independent growth of cells in soft agar for 21 days (colonies with diameters >150 
µm were counted) and (H) Quantitative assessment of the number of cell colonies after 21 days. Each experiment 
was performed in triplicate and the data are presented as the mean ± standard error of the mean. Student’s t-test 
was used to compare the paired means. No multiple group comparison was conducted. P<0.05 was considered 
to indicate a statistically significant difference. *P<0.05, **P<0.001, ***P<0.0001, ****P<0.00001. C, control; dmr 
(double mutated recombinant FABP5), dmrFABP5; DOC, docetaxel; Com, combination of dmr and DOC; FABP5, fatty 
acid-binding protein 5.
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Figure 5. Effect of dmrFABP5 on the tumor-suppressive activity of enzalutamide in Du145 cells. (A) Effect on cell 
viability produced by a fixed dose of dmrFABP5 combined with different doses of enzalutamide as a percentage of 
the control at 72 h. (B) Effect on cell viability produced by a fixed dose of enzalutamide combined with different 
doses of dmrFABP5 as a percentage of the control at 72 h. (C) Effect of dmrFABP5 combined with enzalutamide on 
cell migration in wound healing assay at 72 h (magnification: 20×) and (D) Quantitative assessment in terms of the 
percentage of the original width of the wound remaining at different time points. (E) Effect of dmrFABP5 combined 
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Invasion assay: When Du145 cells were treated 
with control DMSO, docetaxel, dmrFABP5 or a 
combination of these drugs at the same con-
centrations as those used in the motility assay 
to evaluate their invasiveness after 24 h (Figure 
2E), the mean ± SEM number of invaded cells 
was 449±14, 89±3, 68±3 and 9±1, respective-
ly, resulting in suppressions by 0% (control), 
-80%, 82%, and 98%, respectively, versus the 
control (Figure 2F). Thus, not only did both 
agents alone significantly inhibit invasion 
(P<0.0001), but also their combination signifi-
cantly enhanced the effect of either agent 
alone (P<0.0001).

Next, 22RV1 cells were treated with similar 
concentrations to those employed in the motil-
ity assays. Upon treatment with DMSO, do- 
cetaxel, dmrFABP5 or a combination of both 
drugs (Figure 3E), the mean ± SEM number of 
invaded cells was 306±7, 88±3, 110±3 and 
14±2, respectively, leading to suppressions by 
0% (control), 71, 64 and 93%, respectively  
versus the control. Thus, each single agent  
alone significantly suppressed cell invasion 
(P<0.0001), although the combination signifi-
cantly enhanced suppression compared to the 
effect of each single agent (P<0.001) (Figure 
3F).

When LNCaP cells were treated with DMSO, 
docetaxel, dmrFABP5 or a combination of both 
drugs at the same concentrations used in the 
motility assay (Figure 4E), the mean ± SEM 
number of invaded cells was 29±4, 294±9, 
29±4 and 37±5, respectively. There was a sig-
nificant difference between the docetaxel and 
control groups (P<0.001), but there was no sig-
nificant difference for dmrFABP5 alone or  
in combination versus the control (P>0.05) 
(Figure 4F).

When Du145 cells were treated with DMSO, 
enzalutamide, dmrFABP5 or a combination of 
both drugs at the same doses used in motility 
assays (Figure 5E), the mean ± SEM number of 

invaded cells was 425±26, 413±21, 27±2 and 
43±10, respectively. Enzalutamide failed to 
inhibit cell invasion significantly (P>0.05), 
whereas dmrFABP5 caused a significant sup-
pression (P<0.0001), although the drug combi-
nation had no significant enhancement effect 
(P>0.05) (Figure 5F).

When 22RV1 cells were treated with DSMO, 
enzalutamide, dmrFABP5 or a combination of 
these drugs at the same concentrations as 
those used in motility assays (Figure 6E), the 
mean ± SEM number of invaded cells was 
292±33, 321±10, 80±11 and 8±1, respective-
ly. There was no significant difference in the 
enzalutamide alone group (P>0.05), but a sig-
nificant difference was observed for dmrFABP5 
versus the control (P<0.001) and for combined 
treatment versus dmrFABP5 alone (P<0.001) 
(Figure 6F). 

When LNCaP cells were treated with DMSO, 
enzalutamide, dmrFABP5 or a combination of 
both drugs at the same concentrations as 
those used in motility assays (Figure 7E), the 
mean ± SEM number of invaded cells was 
315±22, 310±42, 60±3 and 73±9, respective-
ly. Enzalutamide significantly inhibited cell inva-
sion compared to the control (P<0.0001), but 
dmrFABP5 failed to do so, and a combination of 
both agents failed to inhibit the invasion caused 
by enzalutamide alone (P>0.05) (Figure 7F).

Soft agar assay: When Du145 cells were treat-
ed with control DMSO, docetaxel, dmrFABP5 or 
both drugs in combination at the same concen-
trations as those used in motility assays (Figure 
2G), the mean number of colonies ± SEM was 
880±44, 144±37, 217±33 and 16±4, respec-
tively. Docetaxel and dmrFABP5 alone signifi-
cantly inhibited colony formation (P<0.0001) 
and their combination caused a further signifi-
cant inhibition (P<0.0001) (Figure 2F).

When 22RV1 cells were treated with control 
DMSO, docetaxel, dmrFABP5 or a combination 

with enzalutamide on cell invasion at 24 h and (F) Quantitative assessment of the number of cells at 24 h (magnifi-
cation: 20×). (G) Effect of dmrFABP5 combined with enzalutamide on anchorage-independent growth of cells in soft 
agar at 21 days (colonies with diameters >250 µm were counted) and (H) Quantitative assessment of the number of 
cell colonies in soft agar after 21 days. Each experiment was performed in triplicate and the data are presented as 
the mean ± standard error of the mean. Student’s t-test was used to compare the paired means. No multiple group 
tests were conducted. P<0.05 was considered to indicate a statistically significant difference. *P<0.05, **P<0.001, 
***P<0.0001, ****P<0.00001. C, control; ENZ, enzalutamide; dmr, dmrFABP5; Com, combination of dmr and ENZ; 
FABP5, fatty acid-binding protein 5.
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of both agents at the same concentrations as 
those used in motility assays (Figure 3G), the 
mean number of the colonies ± SEM was 
621±30, 119±11, 354±28 and 18±5, respec-
tively. Docetaxel and dmrFABP5 significantly 
inhibited colony formation when used alone 
(P<0.001), and their combination caused a fur-
ther significant inhibition (P<0.001) (Figure 3F).

When LNCaP cells were treated with control 
DMSO, docetaxel, dmrFABP5 or a combination 
of both agents at the same concentrations as 
those used in motility assays (Figure 4G), the 
mean number of colonies ± SEM was 290±12, 
62±9, 299±45 and 69±10, respectively. Only 
docetaxel produced a significant decrease in 
colony formation compared to the control 
(P<0.001), while dmrFABP5 failed to do so 
(P>0.05). The combination of both agents 

caused no further decrease (P>0.001) (Figure 
4H).

When Du145 cells were treated with control 
DMSO, enzalutamide, dmrFABP5 or a combina-
tion of both agents at the same concentrations 
as those used in motility assays (Figure 5G), 
the mean number of colonies ± SEM was 
778±66, 743±81, 113±9 and 159±12, respec-
tively. Enzalutamide produced no significant 
decrease in colony formation (P>0.05), where-
as dmrFABP5 did so (P<0.0001). However, 
there was no further decrease with a combina-
tion of both agents (P>0.05) (Figure 5H). 

When 22RV1 cells were treated with control 
DMSO, enzalutamide, dmrFABP5 or a combina-
tion of both agents at the same concentrations 
as those used in motility assays (Figure 6G), 

Figure 6. Effect of dmrFABP5 on the tumor-suppressive activity of enzalutamide and relevant regulators in 22RV1 
cells. (A) Effect on cell viability produced by a fixed dose of dmrFABP5 combined with different doses of enzalu-
tamide as a percentage of the control at 72 h. (B) Effect on cell viability produced by a fixed dose of enzalutamide 
combined with different doses of dmrFABP5 as a percentage of the control at 72 h. (C) Effect of dmrFABP5 com-
bined with enzalutamide on cell migration in wound healing at different time points (magnification: 20×) and (D) 
Quantitative assessment in terms of the width of the remaining wound expressed as a percentage of the original 
width at different time points. (E) Effect of dmrFABP5 combined with enzalutamide on the cell invasion at 24 h (mag-
nification: 40×) and (F) Quantitative assessment of the number of invaded cells after 24 h. (G) Effect of dmrFABP5 
combined with enzalutamide on cell anchorage-independent growth in soft agar at 21 days and (H) Quantitative 
assessment of the number of cell colonies in soft agar at 21 days. Colonies with diameters >250 µm were counted. 
(I) Western blot analysis of the effect of dmrFABP5 combined with enzalutamide on the expression levels of protein 
regulators. (J) Quantitative assessment of the Western blot results for AR, AR-V7, vascular endothelial growth factor, 
PPARγ, phosphorylated PPARγ and Sp1. The relative protein levels were obtained by densitometrical scanning of 
peak areas of the bands on the blot, which were normalized first to β-actin and then to the control. Each experiment 
was performed in triplicate and the data are presented as the mean ± standard error of the mean. Student’s t-test 
was used to compare the paired means. No multiple group tests were conducted. P<0.05 was considered to indi-
cate a statistically significant difference. *P<0.05, **P<0.001, ***P<0.0001, ****P<0.00001. C, control; ENZ, enzalu-
tamide; dmr, dmrFABP5; Com, combination of dmr and ENZ; FABP5, fatty acid-binding protein 5; PPARγ, peroxisome 
proliferator-activated receptor; AR, androgen-receptor.

Table 4. Combination Index (CI) analysis for dmrFABP5 combined with enzalutamide in 22RV1 cells
A. Fixed concentration of dmrFABP5 combined with different concentrations of enzalutamide
Cell lines Dmr, μM Enzalutamide, nM Suppression % CI values Relationship
22RV1 10 50 84 0.1447 Synergistic
22RV1 10 10 77 0.1084 Synergistic
22RV1 10 5 65 0.8881 Synergistic
22RV1 10 1 55 0.8340 Synergistic
B. Fixed concentration of enzalutamide combined with different concentrations of dmrFABP5
Cell lines Dmr, μM Enzalutamide, nM Suppression % CI values Relationship
22RV1 0.5 10 11 1.4963 Not synergic
22RV1 1 10 42 0.8611 Synergistic
22RV1 5 10 62 0.2321 Synergistic
22RV1 10 10 80 0.1136 Synergic
The combination index (CI) values were calculated using CompuSyn software, and the result is considered to be synergistic 
when CI<0.9.
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Figure 7. Effect of dmrFABP5 on the tumor-suppressive activity of enzalutamide in LNCaP cells. (A) Effect on cell vi-
ability produced by a fixed dose of dmrFABP5 combined with different doses of enzalutamide as a percentage of the 
control at 72 h. (B) Effect on cell viability produced by a fixed dose of enzalutamide combined with different doses 
of dmrFABP5 as a percentage of the control at 72 h. (C) Effect of dmrFABP5 combined with enzalutamide on cell 
migration in wound healing assay at different time points (magnification: 20×) and (D) Quantitative assessment in 
terms of average the width of the wound remaining, expressed as a percentage of the original width after different 
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the mean number of colonies ± SEM was 
614±54, 599±6.75, 219±19 and 23±6, respec-
tively. Enzalutamide produced no significant 
decrease in colony formation (P>0.05), while 
dmrFABP5 did so (P<0.001), and there was a 
further significant decrease with a combination 
of both agents (P<0.001) (Figure 6H).

When LNCaP cells were treated with control 
DMSO, enzalutamide, dmrFABP5 or a combina-
tion of both drugs at the same concentrations 
as those used in motility assays (Figure 7G), 
the mean number of colonies ± SEM was 
380±21, 67±6, 394±26 and 68±7, respective-
ly. Enzalutamide significantly inhibited colony 
formation (P<0.0001), whereas dmrFABP5 did 
not (P>0.05), and there was no further signifi-
cant decrease with the combination of both 
agents (P>0.05) (Figure 7H).

Molecular mechanism involved in combination 
treatments

When Du145 cells were treated with control 
DMSO, docetaxel, dmrFABP5 or both drugs in 
combination at concentrations used in previ-
ous assays (Figure 2I), the relative levels of 
VEGF protein determined by Western blotting 
were 1, 0.64±0.03, 0.60±0.06 and 0.35±0.01, 
respectively. Docetaxel or dmrFABP5 alone pro-
duced a significant decrease in VEGF compared 
to the control (P<0.05), and in combination 
they triggered a further significant decrease in 
VEGF levels (P<0.001) (Figure 2J).

Similarly, when DU145 cells were treated with 
control DMSO, docetaxel, dmrFABP5 or both 
drugs in combination at concentrations used in 
previous assays (Figure 2I), Western blotting 
revealed that the relative levels of PPARγ and 
p-PPARγ were 1 and 1, 0.96±0.02 and 0.75± 
0.01, 0.44±0.01 and 0.65±0.01, and 0.22± 
0.01 and 0.26±0.01, respectively. Upon doce- 
taxel treatment, there was no significant 
change in PPARγ levels (P>0.05), while 
dmrFABP5 treatment caused a significant 

reduction in PPARγ (P<0.001) and p-PPARγ lev-
els (P<0.05). The combination of both agents 
caused a further significant reduction in PPARγ 
(P<0.01) and p-PPARγ (P<0.001) levels com-
pared to the effect caused by either agent 
alone (Figure 2J). 

When Du145 cells were treated as described 
above manner and evaluated by Western blot-
ting, the relative levels of α-tubulin were 1, 
1.928±0.003, 1.733±0.03 and 2.384±0.09, 
respectively. Both docetaxel and dmrFABP5 
significantly increased α-tubulin levels (P< 
0.001), and their combination triggered a fur-
ther significant increase in α-tubulin levels 
(P<0.0001) (Figure 2J). 

When Du145 cells were treated as aforemen-
tioned and subjected to western blotting 
(Figure 2I), the relative levels of Sp1 were 1, 
0.46±0.07, 0.57±0.02 and 0.12±0.03, respec-
tively. Both docetaxel (P<0.001) and dmtFABP5 
(P<0.01) alone significantly reduced Sp1 levels, 
and in combination they triggered a further sig-
nificant reduction in Sp1 levels (P<0.0001) 
(Figure 2J). 

When Du145 cells were treated with control 
DMSO, docetaxel, dmrFABP5 or a combination 
of both drugs, and then evaluated by Western 
blotting, the levels of Bcl-2 were 1, 0.37±0.02, 
0.49±0.04 and 0.13±0.3, respectively. Both 
docetaxel and dmrFABP5 alone significantly 
reduced Bcl-2 levels (P<0.001), and in combi-
nation they triggered a further significant reduc-
tion in Bcl-2 levels (P<0.0001) (Figure 2J). 

When Du145 cells were treated with control 
DMSO, docetaxel, dmrFABP5 or in combination 
and subjected to Western blotting, the levels  
of Bax were 1, 1.83±0.06, 2.63±0.047 and 
3.3±0.09, respectively. Both docetaxel and 
dmrFABP5 alone significantly increased Bax 
levels (P<0.01 and P<0.001, respectively), and 
their combination triggered a further significant 
increase in Bax levels (P<0.0001) (Figure 2J).

time points. (E) Effect of dmrFABP5 combined with enzalutamide on cell invasion after 24 h. Magnification: 40×. (F) 
Quantitative assessment of the number of invaded cells after 24 h. (G) Effect of dmrFABP5 combined with enzalu-
tamide on anchorage-independent growth of cells in soft agar at 21 days. Colonies with diameters >150 µm were 
counted. (H) Quantitative assessment of the number of cell colonies at 21 days. Each experiment was performed 
in triplicate and the data are presented as the mean ± standard error of the mean. Student’s t-test was used to 
compare the paired means. No multiple group tests were conducted. P<0.05 was considered to indicate a statisti-
cally significant difference. *P<0.05, **P<0.001, ***P<0.0001. C, control; ENZ, enzalutamide; dmr, dmrFABP5; Com, 
combination of dmr and ENZ; FABP5, fatty acid-binding protein 5.
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When 22RV1 cells were treated with control 
DMSO, docetaxel, dmrFABP5 or in combination 
at the same concentrations as those used in 
previous assays and subjected to Western blot-
ting (Figure 3I), the relative levels of AR and 
AR-V7 were 1 and 1, 0.68±0.03 and 0.34±0.02, 
0.78±0.02 and 0.57±0.3, and 0.25±0.04 and 
0.09±0.01, respectively (Figure 3J). Docetaxel 
or dmrFABP5 alone significantly reduced AR or 
AR-V7 (P<0.001 and P<0.01, respectively), 
while their combination triggered further signifi-
cant reductions in both AR and AR-V7 
(P<0.0001 and P<0.00001, respectively). 

When 22RV1 cells were treated with control 
DMSO, docetaxel, dmrFABP5 or a combination 
of both drugs at the same concentrations as 
those used in previous assays, and the cells 
were evaluated by Western blotting (Figure 3I), 
the relative levels of VEGF were 1, 0.49±0.08, 
0.41±0.03 and 0.03±0.01, respectively. Both 
docetaxel and dmrFABP5 led to significantly 
reduced VEGF levels (P<0.01 and P<0.0001, 
respectively), and in combination they triggered 
a further significant reduction (P<0.00001) 
(Figure 3J).

When 22RV cells were treated with DMSO, 
docetaxel, dmrFABP5 or a combination of both 
drugs, the relative levels of PPARγ and p-PPARγ 
were 1 and 1, 0.77±0.02 and 0.75±0.06, 
0.84±0.01 and 0.63±0.01, and 0.62±0.01 and 
0.46±0.02, respectively. Both docetaxel and 
dmrFABP5 significantly reduced PPARγ and 
p-PPARγ levels (both P<0.05), and in combina-
tion they triggered a further significant reduc-
tion (P<0.01 and P<0.001, respectively) (Figure 
3J). 

When 22RV1 cells were treated with DMSO, 
docetaxel, dmrFABP5 or a combination of both 
drugs (Figure 3I), the relative level of Sp1 was 
1, 0.35±0.04, 0.63±0.05 and 0.11±0.01, 
respectively (Figure 3J). Either agent alone sig-
nificantly reduced the Sp1 levels (P<0.01 and 
P<0.001, respectively), and in combination 
they triggered a further significant reduction in 
Bax levels (P<0.001). 

When 22RV1 cells were treated with DMSO, 
docetaxel, dmrFABP5 or a combination of both 
drugs (Figure 3I), the relative levels of Bcl-2 and 
Bax were 1 and 1, 0.45±0.05 and 1.84±0.05, 
0.61±0.04 and 1.4±0.05, and 0.14±0.01 and 
3.15±0.25, respectively (Figure 3J). Both 

docetaxel and dmtFABP5 alone significantly 
reduced Bcl-2 levels (P<0.01 and P<0.05, 
respectively), and significantly increased Bax 
levels (P<0.01 and P<0.05, respectively), while 
their combination triggered a further significant 
Bcl-2 reduction (P<0.00001) and Bax increase 
(P<0.00001). 

When 22RV1 cells were treated with DMSO, 
docetaxel, dmrFABP5 or a combination of both 
drugs (Figure 3I), the relative levels of α-tubulin 
were 1, 2.40±0.17, 2.15±0.25 and 2.8±0.04, 
respectively. Both docetaxel and dmrFABP5 
separately increased α-tubulin significantly 
(P<0.001 and P<0.001, respectively), but in 
combination they did not produce a significant 
further increase (P>0.05). 

When 22RV1 cells were treated with DMSO, 
enzalutamide, dmrFABP5 or a combination of 
both agents (Figure 6I), the relative levels of AR 
and AR-V7 were 1 and 1, 0.95±0.06 and 
0.96±0.02, 0.74 ±0.01 and 0.41±0.06, and 
0.28±0.02 and 0.18±0.01, respectively (Figure 
6J). Enzalutamide failed to reduce AR or AR-V7 
levels significantly (P>0.05), while dmrFABP5 
did so (P<0.01), and in combination they trig-
gered a significant further reduction in AR 
(P<0.0001) and AR-V7 (P<0.00001) levels. 

When 22RV1 cells were treated with DMSO, 
enzalutamide, dmrFABP5 or a combination of 
both drugs (Figure 6I), the relative levels of 
VEGF were 1, 0.95±0.10, 0.59±0.06 and 0.23± 
0.03, respectively. Enzalutamide failed to 
reduce VEGF levels significantly (P>0.05), while 
dmrFABP5 did so (P<0.001), and their combi-
nation triggered a further significant reduction 
(P<0.0001) (Figure 6J). 

When 22RV1 cells were treated with DMSO, 
enzalutamide, dmrFABP5 or a combination of 
both drugs (Figure 6I), the relative levels of 
PPARγ and p-PPARγ were 1 and 1, 1.05±0.05 
and 0.91±0.02, 0.77±0.01 and 0.58±0.01, and 
0.28±0.04 and 0.29±0.05, respectively. Enza- 
lutamide failed to reduce PPARγ or p-PPARγ lev-
els significantly (P>0.05), while dmrFABP5 did 
so (P<0.001), and their combination triggered  
a further significant reduction in PPARγ or 
p-PPARγ levels (both P<0.0001). 

When 22RV1 cells were treated with DMSO, 
enzalutamide, dmrFABP5 or a combination of 
both drugs (Figure 6I), the relative levels of Sp1 
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were 1, 0.94±0.02, 0.56±0.62 and 0.21±0.03, 
respectively. Enzalutamide failed to decrease 
Sp1 levels significantly (P>0.05), but dmrFABP5 
did so (P<0.0001), and their combination trig-
gered a further significant decrease in Sp1 lev-
els (P<0.00001) (Figure 6J). 

Discussion 

PC is a common cancer type in male patients 
and a leading cause of cancer-associated mor-
talities. Treatment typically involves ADT, but a 
more aggressive form of PC called CRPC can 
develop, which is resistant to ADT [47]. The 
molecular mechanism involved in the transition 
of the cancer cells from androgen-dependent 
to androgen-independent state is not well 
understood. Currently, the dominant theory is 
that, under the high selection pressure during 
the first round of ADT, the biological sensitivity 
of AR is amplified (due to mutations and/or dif-
ferential RNA splicing) to such an extent that 
even microquantities of the remaining male 
hormone in peripheral blood can still be used 
to promote the malignant progression of CRPC 
cells [48]. Thus, in the clinic, further ADT is gen-
erally prescribed, thereby potentially increasing 
the ability of the drug to block microquantities 
of male hormones, even though the effective-
ness of ADT remains inconclusive or even con-
troversial. These treatments include recent 
anti-androgen or AR-targeting drugs, such as 
abiraterone and enzalutamide [42, 49]. There- 
fore, it has been suggested that ADT can even-
tually lead to a therapeutic deed end with little 
benefit for patients [50-52]. 

An alternative theory is based on our previous 
studies that have shown that FABP5 interacts 
with PPARγ which in turn stimulates VEGF and 
other factors that promote properties associ-
ated with the malignant state in PC [9, 10]. In 
this theory, it is the FABP5-PPARγ-VEGF axis, 
rather than the AR-related target Sp1, that is 
responsible for CRPC progression [10]. FABP5 
itself can promote cell proliferation and metas-
tasis by transporting fatty acids, thereby acti-
vating PPARγ and eventually increasing the 
downstream cancer-promoting genes [19]. 
Targeting FABP5 with inhibitors such as 
dmrFABP5 or SB-FI-26 has shown promise 
either in inhibiting the malignant progression of 
PC cells or in increasing their sensitivity to 
apoptosis induction [16, 17]. Moreover, treat-

ment of PC with enzalutamide or docetaxel 
eventually loses effectiveness due to resis-
tance to these drugs, with the development of 
AR-V7 being a major factor, since knocking 
down AR-V7 re-sensitise cells to anti-androgen 
treatments [53-55]. The present study investi-
gated a combination therapy using dmrFABP5, 
together with docetaxel, or enzalutamide, to 
treat PC cells. Initially, the IC50 values of three 
compounds (dmrFABP5, docetaxel and enzalu-
tamide) were determined in three PC cell lines 
(Du145, 22RV1 and LNCaP) to evaluate cell 
viability. In Du145 and 22RV1 cells, dmrFABP5 
produced IC50 values of 5 and 12 µM, respec-
tively, while no significant inhibition was 
observed in LNCaP cells. Docetaxel exhibited 
IC50 values of 3, 4 and 2.2 nM in Du145, 22RV1 
and LNCaP cells, respectively. Enzalutamide 
showed no significant inhibition in LNCaP and 
22RV1 cells. However, in LNCaP cells, the IC50 
value of enzalutamide was 97 nM (Figure 1). 
These results clearly demonstrated that 
dmrFABP5 inhibited cell viability in FABP5-
positive cells and had no effect on the FABP5-
negative LNCaP cells. Docetaxel effectively 
suppressed the viability of PC cells, while 
enzalutamide did not suppress androgen-inde-
pendent Du145 cells or androgen-responsive 
22RV1 cells expressing LBD-negative AR-V7 
receptor. Enzalutamide suppressed LNCaP 
cells, but these cells only expressed AR-FL and 
not AR-V7 [49, 53, 55]. When used in combina-
tion, dmrFABP5 and docetaxel demonstrated a 
strong synergistic effect, resulting in a maxi-
mum suppression of 89% in Du145 cells and 
92% in 22RV1 cells. However, no synergistic 
interaction was observed in LNCaP cells. When 
dmrFABP5 was combined with enzalutamide, 
no synergistic effect was observed in Du145 
cells, but a highly synergistic effect of 87% sup-
pression of cell viability was observed in 22RV1 
cells, although not in LNCaP cells (Tables 2-4; 
Figure 7).

Regarding cell migration, the combination of 
dmrFABP5 and docetaxel resulted in a signifi-
cant 93% wound gap in Du145 cells, surpass-
ing the individual effects of each compound 
alone (Figure 2C and 2D). However, when 
dmrFABP5 was combined to enzalutamide to 
treat Du145 cells, there was no additional 
reduction in wound gap compared with the 
effect of dmrFABP5 alone (Figure 5C and 5D). 
The combination of dmrFABP5 and docetaxel 



DmrFABP5 synergises enzalutamide and docetaxel

320 Am J Cancer Res 2024;14(1):300-323

demonstrated a significant suppression of cell 
migration in 22RV1 cells, achieving a maximum 
of 89% wound gap (Figure 3C and 3D). This syn-
ergistic effect was greater than the effects of 
each agent alone. In 22RV1 cells, the combina-
tion of dmrFABP5 with enzalutamide resulted 
in 91% wound gap reduction, which was signifi-
cantly higher than the effects of enzalutamide 
(37%) or dmrFABP5 alone (69%) (Figure 6C and 
6D). However, in LNCaP cells, the combination 
of dmrFABP5 with either docetaxel or enzalu-
tamide did not enhance their individual effects, 
although treatments with either docetaxel or 
enzalutamide alone significantly inhibited cell 
migration, resulting in wound gaps of 69 and 
65%, respectively (Figures 4C, 4D, 7C and 7D). 

Regarding cell invasion, dmrFABP5 synergisti-
cally enhanced the suppressive effect of 
docetaxel in Du145 cells, resulting in a 98% 
inhibition of cell invasion (Figure 2E and 2F), 
but when dmrFABP5 was combined with 
enzalutamide, no additional suppression was 
observed (Figure 5E and 5F). In 22RV1 cells, 
enzalutamide alone did not significantly sup-
press cell invasion, while dmrFABP5 alone 
achieved a 72% inhibition. The combination of 
dmrFABP5 with enzalutamide resulted in a sig-
nificant 97% inhibition, indicating an enhance-
ment effect compared with that of either agent 
alone (Figure 6E and 6F). No enhancement was 
observed in LNCaP cells when dmrFABP5 was 
combined with docetaxel or enzalutamide, 
although both drugs individually significantly 
inhibited cell invasion (Figures 4E, 4F, 7E and 
7F). 

Previous research on colony formation in agar 
revealed that dmrFABP5 was able to suppress 
colony formation in PC3-M cells [17]. In the 
present study, when combined with docetaxel, 
dmrFABP5 significantly enhanced the inhibition 
of colony formation in Du145 cells (Figure 2G 
and 2H), but its combination with enzalutamide 
failed to produce a significant effect (Figure 5G 
and 5H), indicating that enzalutamide did not 
function in AR-negative Du145 cells. In 22RV1 
cells, the combination of dmrFABP5 with either 
docetaxel or enzalutamide showed a synergis-
tic effect, resulting in greater suppression of 
colony formation compared with that caused by 
each compound alone (Figures 3G, 3H, 6G and 
6H). No significant enhancement was observed 
in LNCaP cells when the same combinations 

were used (Figures 4G, 4H, 7E and 7H), sug-
gesting that dmrFABP5 did not enhance the 
suppressive effect of docetaxel or enzalu-
tamide in FABP5-negative cells.

The results of cell viability assays and of stud-
ies on cell properties associated with malig-
nant progression, wound closure, cell invasion 
and growth in agar conducted in the present 
study are consistent. DmrFABP5 can function 
alone and synergise with docetaxel in Du145 
and 22RV cells, and it synergises with enzalu-
tamide only in 22RV1 cells, but it fails alone to 
inhibit or synergise with either inhibitory drug in 
LNCaP cells. Moreover, these biological effects 
were consistent with changes in the levels of 
proteins considered to be involved in their path-
ways, at least for dmrFABP5 and docetaxel 
(Figure 3I and 3J). However, changes in individ-
ual pathways (FABP5→p-PPARγ→VEGF→an- 
giogenesis and docetaxel→α-tubulin→Sp1→ 
Bax, Bcl-2→apoptosis, respectively) appeared 
to overlap to a certain extent (Figure 3I and 3J), 
perhaps also contributing to the overall chang-
es in pathway proteins beyond those observed 
for either dmrFABP5 or docetaxel alone (Figure 
3I and 3J). Thus, the combination of dmrFABP5 
with either docetaxel or enzalutamide could 
enhance the suppression of malignant proper-
ties in specific PC cell lines, whilst the lack of 
synergistic effects may be attributable to the 
absence of specific targets or the expression of 
certain proteins that no longer respond to these 
therapeutic agents.

In this study, we have demonstrated that the 
combination of dmrFABP5 with docetaxel syn-
ergistically suppresses FABP5-positive cells. 
The combination of dmrFABP5 with enzalu-
tamide shows promising results in restoring 
sensitivity to enzalutamide, which was previ-
ously resistant due to AR-V7 expression. 
Changes in key proteins related to FABP5-
initiated signalling pathways suggest that the 
observed synergistic effect is achieved through 
influencing this pathway and other pathways 
involving regulatory proteins such as Sp1, Bcl-2 
and BAX measured here. Although these in 
vitro studies are at a preliminary stage, the 
results from this work form a solid basis for 
development of a new treatment strategy. In 
future studies, further tests in relevant animal 
models and other preclinical work will be need-
ed before any possible clinical trials. The pres-
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ent results combined with the previous findings 
that FABP5 is over expressed in >90% of pros-
tate carcinomas [8] suggest that dmrFABP5 
may be a potentially new therapeutic drug that 
can be developed as an agent to suppress the 
malignant progression of CRPC.
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