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Abstract. Prostate cancer is initially sensitive to hormone 
therapy; however, over time the majority of patients progress 
to a hormone-insensitive form classified as castration-resistant 
prostate cancer (CRPC). CRPC is highly metastatic and patients 
have a poor prognosis. Thus, new drugs for the treatment of 
this disease are required. In this study, we therefore examined 
the cytotoxic effects and anticancer mechanism(s) of action of 
second generation curcumin analogs towards CRPC cells. For 
this purpose, PC3 and DU145 cells were treated with a series of 
curcumin analogs at 0-10 µM for 72 h and cytotoxicity was deter-
mined by the sulforhodamine B (SRB) assay. Two compounds, 
1-isopropyl-3,5-bis(pyridin-3-ylmethylene)-4-piperidone 
(RL118) and 1-methyl-3,5-[(6-methoxynaphthalen-2-yl)
methylene]-4-piperidone (RL121), were found to have the most 
potent cytotoxic effect with EC50 values of 0.50 and 0.58 µM 
in the PC3 cells and EC50 values of 0.76 and 0.69 µM in the 
DU145 cells, respectively. Thus, further experiments were 
performed focusing on these two compounds. Flow cytometry 
was performed to determine their effects on the cell cycle 
and apoptosis. Both analogs increased the number of cells 
in the G2/M phase of the cell cycle and induced apoptosis. 
Specifically, in the PC3 cells, RL121 increased the number of 
cells in the G2/M phase by 86% compared to the control, while 
RL118 increased the number of cells in the G2/M phase by 42% 
compared to the control after 24 h. Moreover, both RL118 and 
RL121 induced the apoptosis of both cell lines. In the DU145 
cells, a 38-fold increase in the number of apoptotic cells was 
elicited by RL118 and a 78-fold increase by RL121 compared 
to the control. Furthermore, the effects of both analogs on the 
expression of key proteins involved in cell proliferation were 
also determined by western blot analysis. The results revealed 

that both analogs inhibited the expression of nuclear factor 
(NF)-κB (p65/RelA), eukaryotic translation initiation factor 
4E-binding protein 1 (4E-BP1), p-4E-BP1, mammalian target 
of rapamycin (mTOR), p-mTOR, AKT and p-AKT. Thus, the 
findings of this study provide evidence that RL118 and RL121 
have potent anticancer activity against CPRC cells, and both 
analogs warrant further investigation in vivo.

Introduction

Prostate cancer is one of the most frequently diagnosed types 
of cancer and is the second leading cause of cancer-related 
mortality in males  (1,2). The majority of prostate cancers 
begin in an androgen-dependent state, and thus, hormonal 
therapy, including surgical castration and medical/chemical 
castration has become the standard therapy. However, 
following androgen deprivation therapy, the tumor re-emerges 
in a more metastatic form that is no longer responsive to this 
type of therapy and this cancer is then classified as castration-
resistant prostate cancer (CRPC) (3). At this stage, the cancer 
has become incurable and the average survival time of patients 
is only 16-18 months (4). Moreover, therapeutic strategies have 
had little effect on the progression of the disease. Therefore, 
novel treatment strategies and new drug options are urgently 
required for patients with CRPC.

Curcumin (diferuloylmethane), a polyphenol phyto-
chemical extracted from the plant, Curcuma longa, is widely 
used in Southeast Asia, China and India in food preparation 
and for medicinal purposes, such as health maintenance and 
cancer prevention. Due to its anticancer and anti-angiogenic 
properties, as well as its lack of toxicity and high affordability, 
curcumin has been extensively studied as a chemotherapeutic 
agent (5-7). In particular, curcumin has been shown to be cyto-
toxic towards both the androgen-dependent prostate cancer 
cell line, LNCaP and the androgen-independent cell lines, 
DU145 and PC3 (8-10). However, various experimental studies 
and clinical trials have shown that the systemic bioavailability 
of orally administered curcumin is low. Serum concentrations 
often do not reach >0.1% of intake and curumin exhibits 
rapid elimination in the feces, bile and urine (11). In order 
to overcome this limitation, different strategies, including 
the design and synthesis of structural analogs have been 
explored. For example, the novel synthetic curcumin analogue, 
3,5-bis(2‑fluorobenzylidene)-4-piperidone (EF24), has been 
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shown to exhibit improved anticancer properties in vitro and 
in vivo compared to curcumin (12). It has been found that 
10 µM of EF24 is cytotoxic toward 70-80% of DU145 human 
prostate cancer cells (12). Pyridine analogs of curcumin with 
a tetrahydrothiopyrane-4-one linker, analogs FN1, FN2 and 
FN3, have also exhibited potent anticancer activities in PC3 
cells showing a potent inhibitory effect on growth and a 
potent stimulatory effect on apoptosis at low concentrations 
(≤1 µM) (13).

Previously, our group synthesized a series of heterocyclic 
cyclohexanone analogs of curcumin and investigated their 
inhibitory activity against nuclear factor (NF)-κB trans-
activation in non-adherent K562 leukemia cells, as well as 
cytotoxicity toward ER-negative breast cancer cell lines (14). 
It has been found that curcumin analogs exhibited potent 
cytotoxicity towards a variety of breast cancer cell lines. In 
particular, 1-methyl-3,5-bis(4-pyridyl)methylidene-4-piperi-
done (RL66) was shown to exhibit EC50 values of 0.8, 0.5 and 
0.6 µM, while 3,5-bis(3,4,5-trimethoxybenzylidene)-1-meth-
ylpiperidine-4-one (RL71) produced EC50 values of 0.3, 0.3 
and 0.4 µM in MDA-MB-231, MDA-MB‑468 and SKBr3 
cells, respectively (14). Moreover, both compounds have been 
shown to significantly increase the number of cells underoing 
apoptosis  (15,16). Furthermore, both analogs have been 
shown to decrease HER2/neu phosphorylation and increase 
p27 levels in SKBr3 cells, while significantly decreasing 
AKT phosphorylation and transiently increasing the stress 
kinases c-Jun N-terminal kinase (JNK)1/2 and mitogen-
activated protein kinase (MAPK) p38 in MDA-MB-231 and 
MDA-MB-468 cells (15,16). In the present study, we explored 
the cytotoxic effects and anticancer mechanisms of a novel 
series of curcumin analogs towards androgen-independent 
PC3 and DU145 prostate cancer cells. The initial screening 
revealed that two curcumin analogs termed 1-isopropyl-
3,5-bis(pyridin-3-ylmethylene)-4-piperidone (RL118) 
and 1-methyl-3,5-[(6-methoxynaphthalen-2-yl)methylene]-
4-piperidone (RL121) (Fig. 1) elicited potent cytotoxicity 
towards the CRPC cell lines. Thus, these two compounds 
were selected for further experimentation. The results 
demonstrated that these two curcumin analogs induced cell 
cycle arrest and apoptosis. Moreover, the results of western 
blot analysis demonstrated that both analogs modulated 
the expression of key cell signaling proteins involved in 
cell proliferation and cell death. Thus, our findings provide 
evidence that RL118 and RL121 have potent anticancer 
activity against CPRC cells, and both analogs warrant further 
examination in vivo.

Materials and methods

Materials. The PC3 and DU145 prostate cancer cells and 
NIH/3T3 mouse embryonic fibroblasts were purchased from 
the American Type Culture Collection (Manassas, VA, USA). 
PNT1A normal human prostate epithelial cells were purchased 
from the European Collection of Authenticated Cell Cultures 
which is operated by Public Health England (Salisbury, UK). 
Dulbecco's modified Εagle's medium (DMEM) nutrient 
mixture Ham's F-12, Eagle's Minimum Essential Medium 
(EMEM), sulforhodamine B salt, propidium iodide (PI), 
ammonium persulfate, horseradish peroxidase and β-tubulin 

(cat. no. T5293) were purchased from Sigma-Aldrich 
(St.  Louis, MO, USA). Epidermal growth factor receptor 
(EGFR; cat. no. 2646), p-EGFR (cat. no. 4404), NF-κB 
(p65/RelA) (cat. no. 8242), cleaved caspase-3 (cat. no. 9664), 
eukaryotic translation initiation factor 4E-binding protein 1 
(4E-BP1; cat. no. 9452), p-4E-BP1 (cat. no. 9455), mammalian 
target of rapamycin (mTOR; cat. no. 2972) p-mTOR (cat. no. 
2971) primary antibodies were purchased from Cell Signaling 
Technology (Danvers, MA, USA). AKT (cat. no. 559028) and 
p-AKT (cat. no. 4058) primary antibodies were purchased 
from BD Biosciences (Auckland, New Zealand). Goat anti-
rabbit horseradish peroxidase (cat. no. 401353) and goat 
anti-mouse horseradish peroxidase (cat. no. 401253) secondary 
antibodies were purchased from Merck (Billerica, MA, USA). 
Acrylamide, bisacrylamide, sodium dodecylsulfate and 
PVDF membrane were purchased from Bio-Rad Laboratories 
(Hercules, CA, USA). Complete mini EDTA-free protease 
inhibitor cocktail and Annexin-V-FLUOS were purchased 
from Roche Diagnostics Corp. (Mannheim, Germany). RNAse 
A, bovine serum albumin (BSA) and trypsin were purchased 
from Invitrogen (Auckland, New Zealand). All synthetic 
curcumin analogs were synthesized by Dr Bill Hawkins from 
the Department of Chemistry at the University of Otago, 
Dunedin, New Zealand.

Synthesis of curcumin derivatives. 1-isopropyl-3,5-
bis[(pyridine-3-yl)methylene]piperidin-4-one (RL118) was 
synthesized as follows: To a solution of 1-isopropylpiperidin-
4-one (1.4 g, 10 mmol) and pyridine-3-carboxaldehyde (2.14 g, 
20 mmol) in methanol (10 ml) was added a solution of sodium 
methoxide in methanol (5 M, 1.5 ml) and the mixture was 
stirred for 18 h. The resultant yellow crystalline solid was 

Figure 1. Molecular structures of curcumin analogs.
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removed by filtration then recrystallized from methanol to 
yield pure 1-isopropyl-3,5-bis[(pyridine-3-yl)methylene]piper-
idin-4-one as a yellow crystalline solid (1.45 g, 45%). HRMS 
(+ve ESI) calculated for C20H21N3ONa+: 342.1577 m/z. [MNa+] 
found 342.1567 m/z. 1-methyl-3,5-bis[(6-methoxy-2-naphthyl)
methylene]piperidin-4-one (RL121) was synthesized as 
follows: To a solution of the N-methyl-4-piperidone (0.50 ml, 
0.46 g, 4.05 mmol) and 6-methoxy-2-naphthaldehyde (1.51 g, 
8.10  mmol) in methanol (10  ml) was added a solution of 
sodium methoxide in methanol (5 M, 1.0 ml) and the mixture 
was stirred for 16 h. The resultant solid was collected via 
filtration to afford the title compound (1.35 g, 74%) as a light 
brown crystalline solid. 1H NMR (400 MHz, CDCl3), δ (ppm): 
8.05, bs, 2H; 7.81-7.76, m, 6H; 7.48, dd, 2H, J=8.2, 1.5 Hz; 7.20, 
dd, 2H, J=8.4, 2.5 Hz), 7.15, d, 2H, J=2.5 Hz; 4.02, bs, 2H; 
3.07, m, 2H; 3.95, s, 6H; 2.55, s, 3H. HRMS-ESI calculated for 
C30H28NO3+ [M+H]+: 449.1991; found: 449.1996.

Cell maintenance. The PC3 prostate cancer cells were 
cultured in DMEM/Ham's F-12 supplemented with 10% fbs, 
1% L-glutamine, 1% penicillin/streptomycin and the DU145 
cells were maintained in MEM supplemented with 10% fetal 
bovine serum (FBS), 1% L-glutamine, 1% penicillin/strepto-
mycin. The cells were kept in a humidified incubator at 37˚C 
with 5% CO2.

Cytotoxicity. The prostate cancer cells, PC3 and DU145, and the 
normal human prostate epithelial cells, PNT1A, were seeded 
in 96-well plates at a rate of 4,000 and 6,000 cells per well, 
respectively and allowed to adhere to the plate for 24 h at 37˚C. 
The cells were then treated with curcumin analogs with a range 
of concentrations (0.1-10 µM) of each compound for 72 h. The 
vehicle control cells were treated with dimethyl sulfoxide 
(DMSO) (0.1%). The cell number in each well was determined 
by the sulforhodamine B (SRB) assay (14). Cytotoxicity time 
course studies were conducted by treating the PC3 and DU145 
cells with compounds RL118 or RL121 at 0.5, 0.75, 1, 1.5 or 
2 µM for 12-72 h. Data are expressed as the number of viable 
cells determined from 3 independent experiments conducted 
in triplicate.

Cell cycle analysis. The PC3 (1.0x105 cells per well) and 
DU145 (2.0x105 cells per well) cells were seeded in 6-well 
plates in 2 ml of complete medium and allowed to adhere 
to the plate for 24 h. The cells were then treated with RL118 
(1 µM for PC3 cells and 2 µM for DU145 cells) or RL121 
(1 µM for both cell lines) using 0.1% DMSO as a control 
for 24 and 48 h. The cells were then harvested, washed with 
phosphate-buffered saline (PBS) and fixed in 70% ethanol. 
Following rehydration with PBS, the cells were stained with 
PI in the dark at 4˚C as previously described (17). The samples 
were analyzed via flow cytometry using a BD FACSCalibur 
flow cytometer (BD Biosciences, Auckland, New Zealand). 
Data were acquired and analyzed using FlowJo software. 
Data are expressed as the mean proportion of cells in each 
phase ± SEM determined from 3 independent experiments 
conducted in triplicate.

Induction of apoptosis. The percentage of PC3 and DU145 
cells undergoing apoptosis following treatment with RL118 

and RL121 was determined by flow cytometry. The PC3 
cells (1.0x105 cells per well) and DU145 cells (2.0x105 cells 
per well) were seeded in 6-well plates with 2 ml of complete 
medium and allowed to adhere to the plate for 24 h. The 
cells were then treated with RL118 (1 µM for the PC3 cells 
and 2 µM for the DU145 cells) or RL121 (1 µM for both cell 
lines) for 24 and 48 h. The vehicle control cells were treated 
with 0.1% DMSO. Apoptosis was assessed using Annexin-V-
FLUOS/PI (Roche Diagnostics Corp.) staining, as previously 
described (18). The samples were analyzed via flow cytometry 
using a BD FACSCalibur flow cytometer. Data were acquired 
and analyzed using FlowJo software. Values are expressed 
as the number of apoptotic cells as a % of the total number 
of cells ± SEM determined from 3 independent experiments 
conducted in triplicate.

Western blot analysis. The PC3 cells (1.0x106 cells per dish) 
and DU145 cells (2.0x106 cells per dish) were seeded in 10-cm 
cell culture dishes in 10 ml of complete medium and allowed 
to adhere to the plate for 24 h. The cells were then treated 
with RL118 (1 µM for the PC3 cells and 2 µM for the DU145 
cells), RL121 (1 µM for both cell lines) and the vehicle control 
(0.1% DMSO) for 24 and 48 h. At the end of treatment, whole 
cell lysates were prepared and the protein concentration of the 
lysates was determined using the bicinchoninic acid (BCA) 
assay as previously described (17). Cell lysates were resolved 
on a SDS-PAGE gel (1 µg of protein per lane) and transferred 
onto a PVDF membrane. Protein levels were analyzed with 
the desired primary antibodies, followed by horseradish 
peroxidase-conjugated secondary antibodies (Merck). Digital 
chemiluminescence images were acquired using a Versadoc 
(Bio-Rad Laboratories) imaging system and All-PRO imaging 
system and quantified using Quantity One software (Bio-Rad 
Laboratories).

Statistical analysis. When time was a factor, data were 
analyzed with a two-way ANOVA coupled with a Bonferroni 
post-hoc test, where p<0.05 was required for a statistically 
significant difference. When time was not a factor, data were 
analyzed with a one-way ANOVA coupled with Bonferroni 
post-hoc test, where p<0.05 was required for a statistically 
significant difference.

Results

In total, 9 different curcumin analogs namely, RL109, RL110, 
RL114, RL115, RL116, RL117, RL118, RL120 and RL121 were 
screened for their cytotoxicity towards the PC3 cells. A total 
of 5 curcumin analogs elicited EC50 values within the range 
of 0.5-100 µM, while RL120 was unable to elicit an EC50 
value over the range of concentrations tested (Table I). Since 
RL118 and RL121 were the most potent compounds towards 
the PC3 cells (Fig. 2A and B), they were also examined in 
the DU145 cells, where they exhibited equivalent cytotoxicity 
(Fig. 2C and D). To determine the selectivity of RL118 and 
RL121 towards cancer cells, the effects of these compounds 
on PNT1A non-cancerous prostate cells and NIH/3T3 mouse 
embryonic fibroblasts were examined. The results revealed 
that RL118 had EC50 values of 9 µM in the NIH/3T3 cells 
and 1.8 µM in the PNT1A cells (Fig. 3). For RL121, the EC50 
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values were 3 µM in the NIH/3T3 cells and 1.5 µM in the 
PNT1A cells (Fig. 3). Thus, the two compounds were 3- to 
18-fold less potent towards non-cancerous cells compared to 
the PC3 cells. In order to further investigate the cytotoxicity 
of the two curcumin analogs, the PC3 and DU145 cells were 
treated with various concentrations of RL118 and RL121 over 
a time-course. Time- and concentration-dependent effects 
were observed for both cell lines. Treatment of the PC3 and 
DU145 cells with both analogs delayed the growth of cells 
beginning from 12 h, and this differed significantly compared 
to the control after 48 h (Fig. 4). The DU145 cells were more 
resistant to the effects of RL118 as higher concentrations were 
required to delay cell growth and no concentration was cyto-
toxic (Fig. 4C).

Cell cycle analysis by flow cytometry was then performed 
in order to examine whether the cytotoxicity of RL118 and 

RL121 was driven by cell cycle arrest. The results revealed 
that both RL118 and RL121 resulted in a cell line-, time- and 
dose-dependent cell cyce arrest. Both analogs significantly 
induced cell cycle arrest in the G2/M phase in the PC3 and 
DU145 cell lines. Specifically, both RL118 and RL121 led to 
G2/M phase arrest at 24 and 48 h in the PC3 cells at 1 µM. 
Specifically, RL121 induced a significant 86% increase at 24 h 
and a 57% increase at 48 h, while RL118 caused a significant 
increase by 42% at 24 h and a 30% increase at 48 h in the 
number of PC3 cells in G2/M phase arrest compared to the 
controls (Fig. 5A). Treatment of the DU145 cells with 2 µM 
of RL118 and 1 µM of RL121 exhibited a differential cell 
cycle effect at both time‑points (Fig. 5B). RL118 induced a 
significant increase in the number of cells in the G2/M phase 
by 18% at 24 h and 14% at 48 h, compared to the controls. 
RL121 caused a significant increase in the number of cells in 
the G2/M phase by 24 and 21% at 24 and 48 h, respectively, 
compared to the controls.

The ability of RL118 and RL121 to elicit the apoptotic cell 
death of CRPC cells was then examined. The results revealed 
that both RL118 and RL121 induced the apoptosis of the PC3 
and DU145 cells in a time- and cell line-dependent manner. 
Specifically, RL118 and RL121 signficantly increased the 
number of apoptotic cells in both cell lines compared to the 
controls after 48 h (Fig. 6). Moreover, this effect was more 
potent in the DU145 cells, as >30% of the total number of 
cells was apoptotic following treatment with RL121 (1 µM) 
(Fig.  6B), compared to 20% of the PC3 cells. Apoptosis 
was also analyzed by quantifying the changes in the levels 
of cleaved caspase-3 by western blot analysis. Significantly 
elevated protein levels of cleaved caspase-3 were only elicited 
by RL121 (1 µM) and this effect was strongest in the DU145 
cells after 24 h of treatment (Fig. 6C and D). Since the acti-
vation of NF-κB leads to cell survival and proliferation, we 

Figure 2. EC50 values of RL118 and RL121 in castration-resistant prostate cancer (CRPC) cells. The (A and B) PC3 and (C and D) DU145 cells were treated 
with 0.1 to 5 µM of RL118 (A and C) and RL121 (B and D) for 72 h. The vehicle control cells were treated with 0.1% DMSO. At the end of each treatment, the 
cell number was determined by SRB assay. Symbols represent cell number (% of control) ± SEM from 3 independent experiments conducted in triplicate. EC50 
values were obtained using non-linear regression.

Table I. EC50 values of curcumin analogs in PC3 cells.

Curcumin analogs	 EC50 (µM)a

RL109	 >100
RL110	 2.66±0.48
RL114	 3.09±0.30
RL115	 6.70±8.52
RL116	 12.88±10
RL118	 0.50±0.05
RL117	 1.09±0.13
RL120	 NDb

RL121	 0.53±0.03

aData are represented as the EC50 ± SEM; bND, unable to elicit an EC50 
value within the range of concentrations tested.
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Figure 3. EC50 values of RL118 and RL121 in non-cancerous cell lines. (A and B) NIH/3T3 mouse embryonic fibroblasts and (C and D) PTN1A normal human 
prostate epithelial cells treated were with 0.15 to 20 µM of RL118 (A and C) and RL121 (B and D) for 72 h. 0.1% DMSO served as the vehicle control. At the 
end of each treatment, the cell number was determined by SRB assay. Symbols represent cell number (% of control) ± SEM from 3 independent experiments 
conducted in triplicate. EC50 values were obtained using non-linear regression.

Figure 4. Time course cytotoxicity of RL118 and RL121 in CRPC cells. (A and B) PC3 and (C and D) DU145 cells were treated with RL118 (A and C) and 
RL121 (B and D) for 12-72 h. The vehicle control cells were treated with 0.1% DMSO. At the end of each treatment, the cell number was determined by SRB 
assay. Symbols represent cell number (% of control) ± SEM from 3 independent experiments conducted in triplicate. Data were analyzed using a two-way 
ANOVA coupled with a Bonferroni post-hoc test. *p<0.005, significantly different from the control.

Figure 5. Cell cycle distribution of CRPC cells following treatment with RL118 and RL121. (A) PC3 cells were treated with RL118 (1 µM) and RL121 (1 µM), 
while (B) DU145 cells were treated with RL118 (2 µM) and RL121 (1 µM) for 24 and 48 h. Vehicle control cells were treated with 0.1% DMSO. Bars represent 
the mean proportion of cells in various phases of cell cycle (% of total) ± SEM of 3 independent experiments conducted in triplicate. Data were analyzed using 
a two-way ANOVA coupled with a Bonferroni post-hoc test. *p<0.05, significantly different from the control.
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examined the effects of the two compounds on the expression 
of this protein. RL121 (1 µM) significantly decreased NF-κB 
(p65/RelA) expression by 28 and 42% in the DU145 and PC3 
cells, respectively after 24 h and this effect continued for 48 h 
(Fig. 7A and B). A similar effect was observed with RL118 
except that after 48 h, no significant change in the expression 
of NF-κB (p65/RelA) was observed in either cell line.

To account for these differences between RL118 and 
RL121, we examined changes in the protein expression of 
EGFR. The results revealed that the PC3 cells were the most 
susceptible to the effects of RL121, as EGFR expression was 
decreased by 71 and 62% after 24 and 48 h, respectively, 
while the ratio of p-EGFR/EGFR was significantly increased 
(Fig. 7). Of note, in the DU145 cells, this relative increase in 
p-EGFR did not occur and this is likely due to the fact that 
DU145 cells express phosphatase and tensin homolog (PTEN), 
whereas PC3 cells lack this protein (19). Further analysis of 

the impact that changes in PTEN expression may have on 
these cells were then conducted by examining changes in 
the levels of AKT, mTOR and 4E-BP1. Since no changes in 
EGFR expression were observed after 24 h in the DU145 cells, 
further investigations focused on treatment after 48 h in this 
cell line, while experiments with PC3 cells utilized both the 24 
and 48 h time-points.

An important cell signaling hub downstream of the EGFR 
is AKT and thus this was examined as the next mechainstic 
protein. The results revealed that the PC3 cells were the 
most susceptible to the effects of RL121, as this compound 
directly inhibited AKT beginning at 24 h (Fig. 8A and B). 
Specifically, the ratio of p-AKT/AKT significantly decreased 
by 39 and 73% compared to the controls at 24 and 28 h, respec-
tively (Fig. 8A and B). The DU145 cells were unresponsive 
to treatment and RL118 was unable to significantly inhibit 
AKT regardless of the cell line examined. AKT activation 
leads to the phosphorylation of mTOR, which subsequently 
phosphorylates 4E-BP1. Therefore, western blot analysis was 
carried out to examine the effects of RL118 and RL121 on the 
expression of mTOR, p-mTOR, 4E-BP1 and phosphorylated 

Figure 6. Induction of apoptosis of CRPC cells. (A) PC3 cells were treated 
with RL118 (1 µM) and RL121 (1 µM), while (B) DU145 cells were treated 
with RL118 (2 µM) and RL121 (1 µM) for 24 and 48 h. Vehicle control cells 
were treated with 0.1% DMSO. Representative western blot analysis for 
cleaved caspase-3 and β-tublin served as the loading control (C). Scanning 
densitometry of western blots for cleaved caspase-3 (D). Bars represent the 
mean ± SEM from 3 independent experiments conducted in triplicate. Data 
were analyzed using a two-way ANOVA coupled with a Bonferroni post-hoc 
test. *p<0.001, significantly different from the control.

Figure 7. Effect of RL118 and RL121 on NF-κB (p65/RelA) and EGFR in 
CRPC cells. PC3  and DU145 cells were treated with RL118 (1 or 2 µM), 
RL121 (1 µM) or vehicle control (0.1% DMSO) for 24 and 48 h. Cell lysates 
were examined by western blot analysis and β-tubulin was used as the 
loading control. (A) Representative blots for each protein, cell line and time-
point, and scanning densitometry of (B) NF-κB (p65/RelA), (C) EGFR and 
(D) p-EGFR/EGFR. Bars represent the means ± SEM from 3 independent 
experiments performed in triplicate. Data were analyzed using a one-way 
ANOVA coupled with a Bonferroni post-hoc test. *p<0.05, significantly dif-
ferent from the control.
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4E-BP1 in the PC3 and DU145 cell lines. Of note, mTOR 
protein expression was unaltered in the PC3 cells in contrast 
to their prior high susceptibility to AKT. The only significant 
decrease in the ratio of p-mTOR/mTOR was observed in the 
DU145 cells following treatment with RL121 for 48 h, where 
a decrease of 48% compared to the controls was observed 
(Fig. 8A and C). This change correlated with a 55% decrease 
in the ratio of p4E-BP1/4E-BP1 in the DU145 cells compared 
to the controls following 48  h of treatment with RL121 
(Fig. 7A and D). The PC3 cells exhibited the most signifi-
cant decrease in the ratio of p4E-BP1/4E-BP1, where RL121 
significantly decreased the expression of p-4E-BP1/4E-BP1 
by 81% compared to the controls after 48 h. Overall, of the 
two curcumin derivatives, RL121 produced a stronger and 

more consistent effect on cell signaling-related proteins in 
the PC3 cells.

Discussion

In this study, in order to identify potent novel potential drugs 
for the treatment of CRPC, 9 different curcumin analogs were 
evaluated for their cytotoxicity towards the PC3 cells. While 
RL118 and RL121 exhibited the most potent cytotoxicity 
towards the PC3 cells, these two analogs exhibited a slightly 
lower potency in the  DU145 cells. This may be due in part 
to the fact that PC3 cells have a higher metastatic potential 
than DU145 cells. Additioanlly, time-course experiments 
revealed that RL121 was cytotoxic, while RL118 was cyto-
static. It has been reported that curcumin analogs containing 
a cyclohexanone or N-methylpiperidone core exhibit enhanced 
potency compared to other curcumin analogs in PC3 and 
DU145 cells  (20). Indeed, we have previously found that 
2,6-bis(pyridin-4-ylmethylene)-cyclohexanone (RL91), which 
contains a cyclohexanone core, exhibited high potency in PC3 
and DU145 cells with EC50 values of 2.4 and 2.1 µM, respec-
tively  (21). However, RL118 and RL121 were more potent 
than RL91 in both cell lines. This may be due to the fact that 
both RL118 and RL121 incorporate an N-methylpiperidone 
core. In our previous study, on the structure-activity relation-
ship of curcumin analogs, the N-methylpiperidone analogs 
3,5-bis(pyridine-4-yl)-1-methylpiperidin-4-one (RL66) and 
3,5-bis(3,4,5-trimethoxybenzylidene)-1-methylpiperidin-
4-one (RL71) exhibited potent cytotoxicity with EC50 values 
of 0.3 and 0.8 µM in the MDA-MB-231 cells, respectively (14). 
While in the same cell line, the EC50 values of cyclohexanone 
containing analogs were >1 µM (14). RL118 and RL121 also 
elicited more potent cytotoxicity in CRPC cells compared to 
the amono-carbonyl containing derivative, WZ35 (22) and the 
mono-ketone derivatives FLLL11 and FLLL12 (23).

RL121 was a more potent inducer of G2/M-phase arrest 
in both cell lines than RL118. G2/M phase cell cycle arrest 
is a common response following curcumin and many of its 
analogs (15,16,21-24) and this arrest often is not the driver 
of apoptosis. It does however, lead to a sustained and potent 
apoptotoic effect (12,13). This was also shown by RL121, as 
>25% of the cell population of both PC3 and DU145 cells was 
apoptotic by 48 h. Apoptosis, in contrast to necrosis, is char-
acterized as active and programmed cell death with distinct 
morphological changes via energy-dependent biochemical 
mechanisms  (25). The loss or suppression of apoptosis 
correlates with the progression of prostate cancer; therefore, 
the induction of apoptosis has been considered an effective 
therapeutic approach for the treatment of prostate tumors (26). 
Not surprisingly, RL118 and RL121 were both more effective 
at inducing apoptosis than other curcumin derivatives, such 
as WZ35 (22), compound 17 (27), EF24 (12), A2 and A4 (28), 
as all required concentrations between 2.5-20 µM in order to 
significantly increase the number of apoptotic CRPC cells or 
significantly increase the activity of caspase-3.

As an important class of transcriptional regulators, NF-κB 
plays a pivotal role in the regulation of cell growth, apoptosis, 
angiogenesis and metastasis (29-31). The overexpression of 
NF-κB has been observed in prostate cancer cell lines and 
clinically (32-34). Activation of NF-κB in the nucleus of pros-

Figure 8. RL118 and RL121 modulates the expression of proteins essen-
tial for CRPC cancer cell proliferation and translation. PC3 and DU145 
cells were then treated with RL118 (1 or 2 µM), RL121 (1 µM) or vehicle 
control (0.1% DMSO) and incubated for 24 and 48 h. Cell lysates were 
examined by western blot analysis and β-tubulin was used as the loading 
control. (A) Representative blots for each protein, cell line and time-point, 
and scanning densitometry of (B) p-Akt/Akt, (C) p-mTOR/mTOR and (D) 
p-4E-BP1/4E-BP1. Bars represent the means ± SEM from 3 independent 
experiments performed in triplicate. Data were analyzed using a one-way 
ANOVA coupled with a Bonferroni post-hoc test. *p<0.05, significantly dif-
ferent from the control.
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tate cancer cells was associated with chemoresistance, PSA 
recurrence and metastatic spread of prostate cancer (35-37). 
Furthermore, the inhibition of NF-κB activity is required 
to induce the apoptosis of both PC3 and DU145 cells (38). 
Moreover, a recent study showed that the activation of NF-κB 
signaling in prostate cancer cells increased the expression of 
osteoclastogenic genes which subsequently resulted in bone 
metastases formation (39). Therefore, targeting NF-κB may 
prove to be a potent therapeutic target for CRPC. A previous 
study revealed that transfected PC3 cells in which NF-κB 
activity was blocked, produced slow-growing tumors with a 
low metastatic potential (40). RL121 was more consistent at 
inhibiting NF-κB (p65/RelA) protein expression in CRPC 
cells and again was more potent that other analogs, such as 
EF24 (41) and EF31 (42), both of which contain the same 
piperidone core as RL118 and RL121.

EGFR plays a key role in the proliferation, migration and 
invasion of tumor cells in prostate tumor progression (43). 
In particular, EGFR is frequently overexpressed in prostate 
cancer and is associated with a poor prognosis  (44). For 
example, the frequency of EGFR expression increased from 
41% in patients with localized disease to 100% in patients 
with castrate-resistant metastatic prostate cancer  (45). 
Previously, combination experiments with curcumin 
(25 µM) and β-phenylethyl isothiocyanate (PEITC) (10 µM) 
significantly suppressed p-EGFR (Y1068) protein by 86% of 
the control in PC3 cells (46). In this study, treatment with 
RL121 for 48 h significantly inhibited EGFR expression, 
but increased the ratio of p-EGFR/EGFR in the PC3 cells, 
but not the DU145 cells. This may be due to the fact that 
PC3 cells are PTEN-negative. PTEN controls endocytic 
trafficking of EGFR by promoting late endosome matura-
tion and is required for the transition of ligand-bound EGFR 
from early to late endosomes. The depletion of PTEN delays 
EGFR trafficking and degradation (47). The slower kinetics 
of receptor degradation will likely affect the rates of EGFR 
and p-EGFR differentially as p-EGFR cycling is activated 
upon ligand binding which directs the internalization of 
these receptors to early endosome to the multivesicular 
body and then on to the lysosome. When PTEN is present, 
the accumulation of EGFRs on the limiting membrane of 
the endosomes is sufficient to produce EGFR-dependent 
apoptosis (48). The deletion of PTEN delays this process and 
may uncouple it from apoptosis-induced EGFR degradation. 
Hence, this is likely the reason for the relative increase in 
p-EGFR following RL121 treatment in PC3 cells at 48 h 
compared to DU145-treated cells.

The serine-threonine kinase AKT is an important regu-
lator of protein synthesis and cell cycle progression (49,50). 
Accumulating evidence has indicated that overexpressed AKT 
and p-AKT activity has been associated with prostate cancer 
progression (51-56). The combination of curcumin (25 µM) 
and PEITC (10 µM) has been shown to inhibit the expression 
of AKT and levels of p-AKT in PC3 cells (46). Moreover, 
the curcumin analogue, FLLL12, has been shown to inhibit 
p-AKT expression in PC3 cells (23). RL121 is a more potent 
and direct inhibitor of AKT, as 1 µM significantly decreased 
the ratio of p-AKT/AKT in PC3 cells. This is a critical action 
of RL112 as, when PTEN is absent, there is an increase in 
the signaling through both the RAS/RAF/MEK/ERK and 

AKT/mTOR pathways (57) and thus these pathways would 
dominate. Therefore, the direct inhibition of AKT will be an 
important driver of cell death in PC3 cells and will also drive 
the decrease observed in NF-κB (p65/RelA) following RL112 
treatment.

mTOR, a member of the PI3K kinase superfamily, 
plays a key role in the regulation of protein synthesis, cell 
growth, proliferation, differentiation and survival (58). In 
a previous study, immunohistochemical analysis revealed 
that the expression of mTOR and cytoplasmic p-mTOR was 
significantly increased in prostate cancer tissue compared to 
the normal prostatic epithelium with mTOR levels in cancer 
cells being 2-fold higher than those in benign tissue (59). In 
this study, RL118 had no effect on mTOR levels; however, 
by contrast, RL121 decreased the ratio of p4E-BP1/4E-BP1 
protein levels by 55% in DU145 cells and 81% in PC3 cells. 
It is not likely that RL121 inhibited 4E-BP1 directly as in the 
DU145 cells, the 55% decrease in the ratio of p4E-BP1/4E-
BP1 levels correlated with a 48% decrease in the ratio of 
p-mTOR/mTOR, most likely directed through the inhibition 
of AKT. As stated previously in PC3 cells, when PTEN is 
absent, there is an increase in signaling through the RAS/
RAF/MEK/ERK pathways as well as the AKT/mTOR 
pathway (57). It is likely that ERK can act directly on 4E-BP1 
and indirectly via TSC2/mTOR, as following ionizing radia-
tion, it has been shown to stimulate protein synthesis via 
ATM-dependent ERK phosphorylation  (60,61). Thus, in 
PC3 cells, the ratio of p-4E-BP1/4E-BP1 changes indepen-
dently of changes in mTOR. Therefore, RL121 has several 
advantages in PC3 cells as it can modulate changes in AKT 
directly and also decrease the in ratio of p4E-BP1/4-EBP1 
in an environment of highly active mTOR. Of the 9 novel 
curcumin analogs screened, RL118 and RL121 exhibited 
the most potent anticancer activity in the PC3 and DU145 
cell lines. While both analogs warrant further examination 
in  vivo, RL121 has a wider range of activity in prostate 
cancers that lack PTEN, and may thus be considered to be 
the lead compound to emerge from this study.
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