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Abstract 

Background: Docetaxel is the first-line treatment for castration-resistant prostate cancer (CRPC). 
The limited survival benefit associated with the quick emergence of resistance and systemic 
toxicity diminishes its efficacy in high-dose monotherapy. YK-4-279 is a small molecule inhibitor of 
ETV1 that plays an important role in the progression of prostate cancer. The aim of this study was 
to evaluate the hypothesis that the combination of docetaxel and YK-4-279 will have a synergistic 
effect on inhibiting growth and accelerating apoptosis in human prostate cancer cells. 
Methods: Cell growth assessed using CCK-8 and trypan blue exclusion assays. Cell apoptosis was 
determined by morphological assessment in cells stained with propidium iodide. Standard scratch 
migration and Matrigel-coated transwell invasion assays were used to assess cell migration and 
invasion, respectively. Western blotting was used to investigate the levels of ETV1, AR, PSA, 
p-STAT3, survivin, Bcl-2, and p-Akt in prostate cancer cells. 
Results: The combination of low-dose docetaxel and YK-4-279 synergistically inhibited growth and 
induced apoptosis in human prostate cancer cells. The combination also more efficiently 
suppressed the migration and invasion of LNCaP and PC-3 cells. The combination of low-dose 
docetaxel and YK-4-279 caused a stronger decrease in the levels of ETV1, AR, PSA, p-STAT3, 
survivin, Bcl-2, and p-Akt in LNCaP cells and of p-Akt, Bcl-2, and p-STAT3 in PC-3 cells compared 
with either drug alone. 
Conclusions: These data suggest that the combination of docetaxel and YK-4-279 may be an 
effective approach for inhibiting the growth and metastasis of prostate cancer. This could permit a 
decrease in the docetaxel dose necessary for patients with CRPC and thereby lower its systemic 
toxicity. 
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Introduction 
Prostate cancer is the most frequently occurring 

cancer and the second leading cause of cancer-related 
deaths among men in the United States [1]. Patients 
diagnosed with localized stage disease are sensitive to 
various treatments and are often curable; however, 
~40% of all cases will eventually progress to a 

metastatic stage [2]. 
Since the 1940s, targeting androgen signaling 

using androgen deprivation therapy (ADT) has been 
the mainstay of clinical interventions for metastatic 
hormone-sensitive prostate cancer [3]. However, its 
initial effectiveness is only transient (2–3 years) [4], 
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and most men relapse with castration-resistant 
prostate cancer (CRPC) and die soon thereafter [5]. 
For patients with CRPC, the common treatment is 
docetaxel-based chemotherapy to prolong survival 
and maintain a good quality of life [6]. However, 
treatment using high doses of docetaxel ultimately 
cause toxicity and resistance, which means that there 
are only limited options for patients progressing on or 
after docetaxel [7]. Recently, some novel agents 
including abiraterone, cabazitaxel, and enzalutamide 
were approved for patients with CRPC following 
docetaxel failure or resistance, but their efficiency is 
limited [8]. Therefore, there is an urgent need to 
improve docetaxel-based regimens to reduce toxicity 
and increase efficacy. 

Prostate cancer that progresses to lethal CRPC 
has been associated with ETS gene fusions, PTEN loss, 
and androgen receptor (AR) amplification [9]. In 
particularly, ETS transcription factor (mainly ETV1 or 
ERG) fusions occur frequently in prostate cancer 
[10-11], and ~50% of human prostate cancers 
containing ETS gene fusions [12]. One study 
suggested that ETV1 expression promotes 
autonomous testosterone production to reactivate AR 
signaling in aggressive disease [13]. It was suggested 
that ETV1 plays an important role in the progression 
of CRPC and can indirectly mediate AR signaling. 

YK-4-279 monotherapy can inhibit the growth 
and metastasis of ETV1 fusion-positive prostate 
cancer xenografts [14-15]. This suggests that YK-4-279 
could be used as a small molecule inhibitor of ETV1. 
Docetaxel, a semi-synthetic second-generation taxane, 
can slow down the progression of prostate cancer, and 
it retains antitumor activity in CRPC patients [16]. It 
can inhibit proliferation and induce apoptosis by 
binding to β-tubulin and causing cell-cycle arrest [17]. 

The addition of docetaxel to ADT has survival 
benefits compared with ADT alone in patients with 
metastatic hormone-sensitive prostate cancer [18-19]. 
This finding suggests that there is an interaction 
between AR signaling and docetaxel sensitivity. Thus, 
we hypothesized that the combination of YK-4-279 
and docetaxel will synergistically inhibit growth and 
accelerate apoptosis in human prostate cancer cells.  

Materials and methods 
Cell culture and reagents 

Two human prostate cancer cell lines (LNCaP 
and PC-3) were obtained from the American Type 
Culture Collection (Rockville, MD, USA). YK-4-279 
was purchased from MCE (MedChem Express, 
HY-1450, USA) and docetaxel was from Aladdin 
(D107319). The cells were cultured as described 
previously [20]. Docetaxel and YK-4-279 were 

dissolved in DMSO (Sigma, USA); the final 
concentration of DMSO was 0.1% in all experiments. 

Cell viability 
For CCK-8 assays [21], cells were seeded at a 

density of 2 × 10 4 cells/ml of medium in a 96-well 
plate (0.1 ml/well) and incubated for 24 h. Then, the 
cells were treated with different concentrations of 
docetaxel (1 nM) and YK-4-279 (0.1 µM, 0.5 µM, or 1.0 
µM) for 72 h. After treatment, the media were 
replaced with fresh media and 10 µl CCK-8 (Dojindo, 
Kumamoto, Japan) was added to each well. After a 
1-h incubation, the absorbance at 450 nm was 
measured on a microplate reader. 

For the trypan blue exclusion assays [22], cells 
were seeded at a density of 2 × 104 cells/ml of medium 
in 35-mm tissue culture dishes (2 ml/dish) and 
incubated for 24 h. The cells were then treated with 
different concentrations of docetaxel (0.1 nM, 0.5 nM, 
or 1 nM) and YK-4-279 (0.1 µM, 0.5 µM, or 1.0 µM ) for 
72 h. Then, single cell suspensions were prepared and 
the number of viable cells was counted using a 
hemocytometer under a light microscope by mixing 
80 µl of cell suspension and 20 µl of 0.4% trypan blue 
solution for 5 min. Blue cells were counted as dead 
and the cells that did not absorb dye were counted as 
live. 

Measuring apoptosis 
Apoptosis was determined by morphologically 

assessing cells stained with propidium iodide (PI) 
[22]. Cells were seeded at a density of 2 × 104 cells/ml 
in 35-mm tissue culture dishes (2 ml/dish) and 
incubated for 24 h. They were then treated with 
docetaxel (0.5 nM) and/or YK-4-279 (0.5 µM) for 72 h. 
After treatment, cytospin slides were prepared using 
a smear centrifuge and fixed with acetone/methanol 
(1:1) for 10 min at room temperature. The cells were 
stained with 1 µg/ml PI in PBS for 10 min. Then we 
identified apoptotic cells using a fluorescence 
microscope. Cells with classical morphological 
features including nuclear condensation, cell 
shrinkage, and the formation of apoptotic bodies were 
counted as apoptotic. At least 400 cells in 
approximately 10 randomly selected fields were 
counted in each sample.  

Scratch migration assays 
For scratch migration assays [23], cells were 

seeded at a density of 5 × 105 cells/ml in 35-mm tissue 
culture dishes (2 ml/dish) and incubated for 24 h. The 
cell surface was then scratched using a sterile 200-µl 
pipette tip (Axygen, Union City, CA, USA) after 
washing with PBS. Then, the scratched cells were 
rinsed gently with PBS three times and complete 
medium was added (0.2% FBS). The cells were then 
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treated with different concentrations of docetaxel 
and/or YK-4-279 for an additional 24 h. Images were 
captured using an inverted microscope. The distance 
that cells migrated compared with baseline 
measurements was measured using Image J software. 

Invasion assays 
For Matrigel-coated transwell invasion assays 

[24], 600 µl complete medium (20% FBS) was added to 
the lower chamber. The cells were pre-treated with 
YK-4-279 or docetaxel for 48h. Then, the cells were 
trypsinized, resuspended in complete medium (1% 
FBS), and seeded at a density of 5 × 105 cells/ml in the 
top chamber (200 µl/chamber; Corning) containing a 
Matrigel-coated membrane. The cells were then 
treated with different concentrations of docetaxel 
and/or YK-4-279 for an additional 24 h. Next, the 
medium and the cells remaining in the top chambers 
were removed. After fixing with methanol and 
staining with 0.1% crystal violet, the number of cells 
that had invaded to the lower membrane was counted 
and images were captured under an inverted 
microscope (Olympus). 

Western blotting 
After treatment, the protein lysates were 

prepared as described previously [25]. Proteins were 
separated by sodium dodecyl sulfate polyacrylamide 
gel electrophoresis (SDS-PAGE) and transferred to 
polyvinylidene fluoride (PVDF) membranes 
(Millipore). After blocking nonspecific binding sites 
with blocking buffer, the membranes were incubated 
overnight at 4˚C with the following primary 
antibodies: #4060 for phospho-Akt, #9145 for 
phospho-Stat3, #5365 for PSA/KLK3, #2808 for 
survivin, #2870 for Bcl-2, #4370 for phospho-p44/42 
MAPK (ERK-1/2), #12153 for IL-6, #3202 for AR (all 
from Cell Signaling Technology, Beverly, MA), and 
ab81086 for ETV1 (Abcam, Cambridge, MA, USA). 
β-actin (Cell Signaling Technology, Beverly, MA) was 
used as a loading control. Following removal of the 
primary antibody, the membranes were washed three 
times with TBST (TBS containing 0.05% Tween 20) at 
room temperature and then incubated with 
fluorochrome-conjugated secondary antibody for 2 h. 
The membranes were then washed with TBST three 
times and signals were detected using ECL in the dark 
room. 

Statistical analysis 
The potential synergistic effects of docetaxel and 

YK-4-279 were assessed using the isobole method 
with the equation Ac/Ae + Bc/Be = combination 
index (CI) [26]. Ac and Bc represent the concentration 
of drug A and drug B used in the combination, 
respectively, and Ae and Be represent the 

concentration of drug A and B that produced the same 
magnitude of effect when administered alone. If CI is 
<1, then the drugs are considered to act 
synergistically; if CI is >1 or =1, then the drugs act in 
an antagonistic or additive manner, respectively. 
Comparisons of cell viability, apoptosis, migration, 
and invasion were analyzed using ANOVA with 
Tukey-Kramer multiple comparison tests. 

Results 
Effects of docetaxel and YK-4-279 alone or in 
combination on prostate cancer cell growth 
and apoptosis 

The effects of docetaxel and YK-4-279 alone or in 
combination on the growth of human prostate cancer 
cells were determined using the CCK-8 and trypan 
blue exclusion assays. Human LNCaP 
(androgen-dependent), PC-3 (androgen-independent) 
prostate cancer cells were treated with different 
concentrations of docetaxel and YK-4-279 for 72 h. As 
shown in Fig. 1A and B, treatment with YK-4-279 (0.1 
µM, 0.5 µM, and 1.0 µM) alone and in combination 
with docetaxel (1 nM) inhibited the growth of both 
LNCaP and PC-3 cells in a dose-dependent manner. 
Treatment with the combination of docetaxel and 
YK-4-279 had a stronger inhibitory effect on cell 
growth than either drug alone. When the 
concentration ratio of YK-4-279 and docetaxel was 
1:1000, co-treatment with YK-4-279 and docetaxel 
exhibited a stronger decrease in cell viability 
compared with the other two combination groups. As 
shown in Fig. 1C and D, docetaxel and YK-4-279 
single and combined treatments affected the viability 
of LNCaP and PC-3 cells in a dose-dependent manner. 
The half maximal inhibitory concentrations (IC50) of 
YK-4-279 were 1.48 µM and 2.03 µM in LNCaP and 
PC-3 cells, respectively, and the IC50 of docetaxel 
alone was 1.16 nM and 2.07 nM in LNCaP and PC-3 
cells, respectively. Specifically, the IC50 of docetaxel 
was decreased to 0.41 nM and 0.66 nM in LNCaP and 
PC-3 cells respectively, whereas those of YK-4-279 
decreased to 0.41 µM and 0.66 µM. The combination 
indexes (CIs) for the IC50 were 0.64 and 0.64 in 
LNCaP and PC-3 cells, respectively. These results 
suggest that the combination of YK-4-279 and 
docetaxel synergistically inhibited the growth of both 
LNCaP and PC-3 cells. 

Next, the effects of docetaxel and YK-4-279 alone 
or in combination on prostate cancer cell apoptosis 
were determined by morphologically assessing cells 
stained with PI. Apoptotic cells were identified 
according to classic morphologic features such as 
nuclear condensation, cell shrinkage, and the 
formation of apoptotic bodies [23]. Morphologically 
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distinct apoptotic cells from representative samples 
are shown in Fig. 2. As shown in Table 1, treating cells 
with docetaxel (0.5 nM) and YK-4-279 (0.5 µM) alone 
resulted in a small number of apoptotic cells. In 
contrast, the combination of docetaxel and YK-4-279 
caused a strong increase in the number of apoptotic 
cells, suggesting that the combination of docetaxel 
and YK-4-279 had a more potent effect on stimulating 
apoptosis than either agent alone. 

 
 

Table 1. Effect of docetaxel and YK-4-279 alone or in 
combination on LNCaP and PC-3 cell apoptosis 

Treatment Apoptotic cells (%) Dead cells (%) 
LNCaP PC-3 LNCaP PC-3 

Control 2.32±0.31 3.38±0.89 3.67±1.15 4.01±0.55 
Docetaxel 4.95±0.57 4.38±0.86 5.33±0.58 4.88±0.78 
YK-4-279 5.52±0.84 4.72±0.81 6.67±0.58 4.94±0.38 
Combination 17.03±3.12*** 17.04±0.64*** 18.67±0.15*** 19.96±2.11*** 
LNCaP or PC-3 cells was cultured at a density of 2 × 10 4 cells/ml for 24 h. The cells 
were then treated with docetaxel (0.5nM) and YK-4-279(0.5µM) alone or in 
combination for 72h. Apoptosis was determined by morphological assessment. 
Each value represents mean±S.E from three separate experiments. Significant 
numbers of apoptotic cells between a combination group and a single-agent-treated 
group were analyzed by ANOVA with Tukey-Kramer multiple comparison test 
(*p<0.05, **p<0.01, ***p<0.001).  

 
 

 
Figure 1. Effects of docetaxel and YK-4-279 alone or in combination on LNCaP and PC-3 cell growth. A and B. LNCaP or PC-3 cells was were seeded 
at a density of 2 × 10 4 cells/ml of medium in a 96-well plate (0.1ml/well) and incubated for 24h.The cells were then treated with docetaxel or YK-4-279 for 72 hours 
and cell growth was evaluated by CCK-8 assay. C and D. LNCaP or PC-3 cells was cultured at a density of 2 × 10 4 cells/ml in 35 mm tissue culture dishes (2ml/dish) 
for 24 h. The cells were then treated with docetaxel or YK-4-279 for 72 h. The number of viable cells was determined by the tyrpan blue exclusion assay and 
expressed as percentages of solvent-treated control. Each value represents mean±S.E. from three separate experiments. Significant numbers of viable cells between 
a combination group and a single-agent-treated group were analyzed by ANOVA with Tukey-Kramer multiple comparison test (*p<0.05, **p<0.01, ***p<0.001).  
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Figure 2. Effect of docetaxel and YK-4-279 alone or in combination on LNCaP and PC-3 cell apoptosis. The nuclear morphology changes were 
analyzed by fluorescence microscopy in ×200 magnification using the propidium iodide nuclear fluorescent dye staining. These analyses were performed 72h after 
treatment. Arrows represent the apoptotic cells. A: LNCaP cells, B: PC-3 cells. 

 

Effects of docetaxel and YK-4-279 alone or in 
combination on LNCaP and PC-3 cell motility 

The effects of docetaxel and YK-4-279 alone or in 
combination on the migration of LNCaP and PC-3 
cells was determined by a standard scratch migration 
assay. Prior to performing this experiment, the effects 
of time on the growth of LNCaP and PC-3 cells treated 
with docetaxel and YK-4-279 alone or in combination 
was determined using trypan blue exclusion assays 
(not shown). The number of viable cells in the 
combination treatment group was comparable to the 
individual treatments within 24 h; therefore, the 
co-treatment had no effects on the proliferation of 
LNCaP and PC-3 cells within 24 hours. These findings 
suggest that if a scratch assay was performed within 
24 h, the effects of the co-treatment would not be due 
to cytotoxicity but instead due to the inhibition of cell 
migration. Treating LNCaP and PC-3 cells with 
docetaxel and/or YK-4-279 had significantly different 
effects on the number of migrated cells (Fig. 3A and 
B). More cells in the control and single agent-treated 
groups migrated cells than in the combination 
treatment group. The combination of docetaxel (0.5 
nM) and YK-4-279 (0.5 µM) caused an 88% and 77% 

decrease in the number of migrating LNCaP and PC-3 
cells, respectively, compared with control (Fig. 3C and 
D). The combination of docetaxel (0.5 nM) and 
YK-4-279 (0.5 µM) had a more potent effect on 
inhibiting the migration of LNCaP cells compared 
with PC-3 cells. 

Effects of docetaxel and YK-4-279 alone or in 
combination on LNCaP and PC-3 cell invasion 

The effects of docetaxel and YK-4-279 alone or in 
combination on the invasiveness of LNCaP and PC-3 
cells was determined using Matrigel-coated transwell 
invasion assays. There was a significant difference in 
the invasiveness of LNCaP and PC-3 cells treated with 
a single agent and the combination treatment (Fig. 4A 
and B). Treatment with docetaxel (0.5 nM) and 
YK-4-279 (0.5 µM) alone had little or no effect on the 
number of cells invading through the Matrigel-coated 
inserts. However, combination treatment led to a 40% 
and 36% decrease in the number of invading LNCaP 
and PC-3 cells, respectively, compared with control 
(Fig. 4C and D). The combination of docetaxel (0.5 
nM) and YK-4-279 (0.5 µM) had more potent effect on 
inhibiting the invasion of LNCaP cells compared with 
PC-3 cells. 
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Figure 3. Effects of docetaxel and YK-4-279 alone or in combination on LNCaP and PC-3 cell motility. LNCaP and PC-3 cells were seeded at a density 
of 5 × 105 cells/ml in 35 mm tissue culture dishes (2ml/dish) for 24 h. After the scratch finished, the cells were then treated with different concentrations of docetaxel 
and YK-4-279 alone or in combination for an additional 24h.Cell motility was quantified by measuring the distance between the migrating cell boundaries. Motility was 
expressed relative to vehicle treated conditions. Significant cell motility between a combination group and a single-agent-treated group were analyzed by ANOVA 
with Tukey-Kramer multiple comparison test (*p<0.05, **p<0.01, ***p<0.001).  
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Figure 4. Effects of docetaxel and YK-4-279 alone or in combination on LNCaP and PC-3 cell invasion. LNCaP and PC-3 cells were pre-treated for 48 
hours with YK-4-279 and docetaxel alone or in combination. The cells were trypsinized and resuspended in complete medium (1%FBS) and seeded at a density of 5 
× 105 cells/ml in the top chamber(200µl/chamber), while 600ul complete medium (20%FBS) was added to the lower chamber. The cells were treated with docetaxel 
and YK-4-279 alone or in combination for an additional 24h.After fixation and staining, the cells that had invaded to the lower membrane of the inserts were counted 
and images were captured. Invasion was expressed relative to vehicle treated conditions. Significant invasion (% of control) between a combination group and a 
single-agent-treated group were analyzed by ANOVA with Tukey-Kramer multiple comparison test (*p<0.05, **p<0.01, ***p<0.001).  
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Effects of docetaxel and YK-4-279 alone or in 
combination on the levels of ETV1, AR, PSA, 
p-STAT3, survivin, Bcl-2 and p-Akt in LNCaP 
and PC-3 cells 

The levels of ETV1, AR, PSA, p-STAT3, survivin, 
Bcl-2, and p-Akt in LNCaP and PC-3 cells were 
determined using western blotting. The PI3K/Akt/m 
TOR signaling pathway has many functions, 
including the regulation of cellular growth, 
proliferation, migration, and angiogenesis [27]. It also 
plays an important role in facilitating prostate cancer 
progression to CRPC and is highly activated in 
prostate cancer [28]. Low-dose docetaxel alone did not 
alter the expression of p-Akt in either LNCaP or PC-3 
cells whereas the combination treatment strongly 
decreased expression in both cell lines, suggesting 
that YK-4-279 functions as a docetaxel 
chemosensitizer. As shown in Fig. 5, in LNCaP cells, 
the level of p-Akt relative to control (1.00) was 0.91 in 
cells treated with docetaxel, 0.75 in cells treated with 
YK-4-279, and 0.44 in cells treated with the 
combination of docetaxel and YK-4-279. In PC-3 cells, 
the level of p-Akt was 1.00 in control, 0.94 in cells 
treated with docetaxel, 0.51 in cells treated with 

YK-4-279, and 0.36 in cells treated with the 
combination. 

Bcl-2 family members are important in the 
regulation and control of the intrinsic apoptosis 
pathway. Although the exact mechanism of action of 
docetaxel is not well-understood, it is believed to 
inhibit Bcl-2 and Bcl-x activity by decreasing their 
gene expression to promote apoptosis in prostate 
cancer cells [29]. In the current study, the expression 
of Bcl-2 was significantly decreased in cells treated 
with the combination of docetaxel and YK-4-279 
compared with the control in both LNCaP and PC-3 
cells. This suggests that decreasing Bcl-2 levels may 
play a role in the apoptosis induced by the 
combination of docetaxel and YK-4-279. As shown in 
Fig. 5, in LNCaP cells the levels of Bcl-2 relative to 
control (1.00) was 0.94 in cells treated with docetaxel, 
0.80 in cells treated with YK-4-279, and 0.42 in cells 
treated with the combination of docetaxel and 
YK-4-279. In PC-3 cells, the level of Bcl-2 relative to 
control (1.00) was 0.93 in cells treated with docetaxel, 
0.79 in cells treated with YK-4-279, and 0.31 in cells 
treated with the combination. 

 

 
Figure 5. Effects of docetaxel and YK-4-279 alone or in combination on the levels of ETV1, AR, PSA, p-STAT3, survivin, Bcl-2 and p-Akt in 
LNCaP and PC-3 cells. LNCaP and PC-3 cells were cultured at a density of 1 × 105 cells/ml in 100 mm tissue culture dishes (10ml/dish) for 24 h. The cells were 
then treated with docetaxel (0.5nM) and YK-4-279(0.5µM) alone or in combination for 24h (for analysis of p-Akt,  survivin, PSA, p-STAT3 and AR) and 48 h (for 
analysis of Bcl-2). The levels of AR,Bcl-2, p-STAT3, PSA,p-Akt and survivin were determined by the Western blot analysis. The band density was measured and 
normalized for actin. 
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Survivin is a member of the inhibitor of 
apoptosis protein family and has been actively 
pursued as a target for cancer treatment because its 
overexpression is correlated to recurrence, metastasis, 
and therapeutic resistance [30]. Moreover, 
accumulating evidence suggests that survivin plays a 
pivotal role in the progression of prostate cancer [31]. 
In the current study, the combination of docetaxel and 
YK-4-279 significantly suppressed survivin 
expression in LNCaP cells but not in PC-3 cells, 
suggesting that the mechanism of action of the 
combination treatment differs in LNCaP and PC-3 
cells. As shown in Fig. 5, in LNCaP cells the levels of 
survivin relative to control (1.00) was 1.09 in cells 
treated with docetaxel, 0.82 in cells treated with 
YK-4-279, and 0.48 in cells treated with the 
combination of docetaxel and YK-4-279. In PC-3 cells, 
the level of survivin relative to control (1.00) was 0.98 
in cells treated with docetaxel, 0.79 in cells treated 
with YK-4-279, and 0.99 in cells treated with the 
combination. 

Signal transducer and activator of transcription 3 
(STAT3) is an important oncogenic protein that 
regulates genes involved in cell proliferation, 
differentiation, and invasion [32]. The constitutive 
activation of STAT3 has been implicated in promoting 
the oncogenesis and progression of prostate cancer, 
and it occurs frequently in primary prostate 
adenocarcinomas [33-34]. Some studies demonstrated 
that the migration and invasion of prostate cancer 
cells can be inhibited by suppressing the activation of 
STAT3 [35]. In the current study, the combination of 
docetaxel and YK-4-279 potently decreased the levels 
of p-STAT3 in both LNCaP and PC-3 cells. As shown 
in Fig. 5, in LNCaP cells the levels of p-STAT3 relative 
to control (1.00) was 0.67 in cells treated with 
docetaxel, 1.07 in cells treated with YK-4-279, and 0.25 
in cells treated with the combination of docetaxel and 
YK-4-279. In PC-3 cells, the levels of p-STAT3 relative 
to control (1.00) were 0.70 in cells treated with 
docetaxel, 0.83 in cells treated with YK-4-279, and 0.31 
in cells treated with the combination. 

Treating LNCaP cells with docetaxel (0.5 nM) or 
YK-4-279 (0.5 µM) alone moderately decreased the 
levels of PSA. However, the combination of docetaxel 
(0.0005 µM) and YK-4-279 (0.5 µM) had a stronger 
effect on decreasing PSA levels. Specifically, PSA 
levels were 1.00 in control, 0.74 in cells treated with 
docetaxel, 0.85 in cells treated with YK-4-279, and 0.14 
in cells treated with the combination of docetaxel and 
YK-4-279. In contrast, PSA levels were not detected in 
PC-3 cells with the treatments of docetaxel and 
YK-4-279 alone or in combination. 

Treating LNCaP cells with docetaxel (0.5 nM) or 
YK-4-279 (0.5 µM) alone decreased the levels of AR 

and ETV1, and the combination treatment had no 
additional effect. AR levels were 1.00 in control, 0.67 
in cells treated with docetaxel, 0.52 in cells treated 
with YK-4-279, and 0.54 in cells treated with the 
combination of docetaxel and YK-4-279. ETV1 levels 
were 1.00 in control, 0.93 in cells treated with 
docetaxel, 0.46 in cells treated with YK-4-279, and 0.62 
in cells treated with the combination of docetaxel and 
YK-4-279. AR and ETV1 levels were not detected in 
PC-3 cells with the treatments of docetaxel and 
YK-4-279 alone or in combination. 

Discussion 
Previous studies suggested that docetaxel, the 

first line treatment for CRPC, has significant toxic 
effects and often results in resistance when used as a 
high-dose monotherapy for prostate cancer [36]. 
Based on the concept that a multitude of cellular 
targets may conquer drug resistance and decrease 
adverse effects, many studies using docetaxel-related 
co-treatments with one or two other drugs have been 
carried out; however, the effective therapies remain 
limited [37]. Thus, the current study aimed to identify 
a drug with low or no cytotoxicity that could 
synergistically inhibit proliferation and induce 
apoptosis in human prostate cancer cells when used 
in combination with docetaxel. 

ETV1, a member of the ETS transcription factor 
family, can direct androgen metabolism and confer 
aggressive prostate cancer in targeted mice and 
patients [10]. ETS gene fusions play an important role 
of driving prostate cancer development and 
progression to lethal CRPC [9]. YK-4-279, a small 
molecule inhibitor of ETV1, can inhibit ETV1 
biological activity in fusion-positive LNCaP prostate 
cancer cells [14-15]. In addition, YK-4-279 inhibits 
EWS-FLI1 activity, induces apoptosis in Ewing’s 
sarcoma cell lines, and slows down tumor growth in 
mouse xenograft models [38]. YK-4-279 functions in 
Ewing’s sarcoma cells by blocking the interaction 
between EWS-FLI1 and RHA. However, the 
mechanism by which YK-4-279 inhibit ERG- and 
ETV1-derived malignant phenotypes in prostate 
cancer cells both in vitro and in vivo is unclear [14]. In 
the present study, we tested the hypothesis that 
YK-4-279 can synergize with docetaxel to lead to 
greater cell death than treatment with docetaxel alone. 

The current study demonstrated for the first time 
that the combination of docetaxel and YK-4-279 
synergistically inhibits the growth of LNCaP and 
PC-3 prostate cancer cells. The combination of 
low-dose docetaxel (0.5 nM) and YK-4-279 (0.5 µM) 
had a more potent inhibitory effect on the growth of 
LNCaP and PC-3 cells than either agent used 
individually at a higher dose (docetaxel, 1 nM; 
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YK-4-279, 1 µM; Fig. 1C and D). Moreover, the 
combination of low-dose docetaxel and YK-4-279 had 
a stronger effect on inducing apoptosis and 
decreasing motility and invasion in both LNCaP and 
PC-3 cells. Although PC-3 cells do not contain an 
ETV1 rearrangement and are androgen-independent, 
the combination of docetaxel and YK-4-279 still had a 
stronger effect on inhibiting growth, inducing 
apoptosis, and decreasing motility and invasion via a 
different mechanism in LNCaP cells than single drug 
alone. Overall, this study provides preclinical proof of 
concept that the combination of docetaxel with 
YK-4-279 results in a synergistic anti-tumor response 
in non-CRPC and CRPC models. 

The AR is a transcription factor, and AR 
activation promotes the growth and progression of 
prostate cancer [39]. Chromosomal translocations are 
frequently found in prostate cancer. For example, 
including ETV1 rearrangements causes the 
overexpression of ETV1, which cooperates with AR 
signaling [14]. In addition, ETV1 upregulates the 
expression of AR target genes as well as genes 
involved in steroid biosynthesis and metabolism, 
resulting in activation of the AR transcriptional 
program [10]. PSA is an androgen-regulated gene, 
and increased PSA levels indicate active AR signaling 
[40-41]. In the current study, in fusion-positive LNCaP 
cells YK-4-279 decreased the levels of ETV1 and AR. 
When used in combination with docetaxel it caused a 
stronger decrease in PSA levels than either drug 
alone. In addition, the combination of docetaxel and 
YK-4-279 significantly suppressed the expression of 
survivin, BCl-2, p-Akt, and p-STAT3 in 
fusion-positive LNCaP cells, suggesting that 
co-treatment could affect more than one signaling 
pathway to induce apoptosis and inhibit the growth, 
migration, and invasion of prostate cancer cells. In 
fusion-negative PC-3 cells, although co-treatment did 
not affect AR signaling and the levels of survivin, the 
levels of BCl-2, p-Akt, p-STAT3 were significantly 
decreased, which explains why the combination of 
docetaxel and YK-4-279 could induce apoptosis and 
inhibit the growth, migration, and invasion of PC-3 
cells. 

In conclusion, the results of the current study 
demonstrated that the combination of low-dose 
docetaxel and YK-4-279 strongly inhibited growth 
and induced apoptosis in human prostate cancer cells. 
Moreover, the combination more efficiently 
suppressed the migration and invasion ability of PC-3 
cells. These activities were accompanied by inhibition 
of the expression of ETV1, AR, PSA, p-STAT3, 
survivin, Bcl-2, and p-Akt in LNCaP cells and of 
p-Akt, Bcl-2, and p-STAT3 in PC-3 cells. Thus, the 
combination of docetaxel and YK-4-279 may be an 

effective approach for inhibiting the growth and 
metastasis of prostate cancer. 
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