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Abstract. Prostate cancer (PCa) is the most common 
cancer in men. Despite the available treatments for PCa, a 
significant number of patients relapse as the disease becomes 
hormonal‑independent. p53 is a common tumor suppressor; 
however, its activity is diminished via the overexpression of 
murine double minute‑2 (MDM2). The pomegranate, walnuts, 
and blueberries are widely consumed fruits and nuts that 
contain several polyphenolic compounds, mainly ellagic acid 
(EA). The present study focused on the influence of EA on the 
p53/MDM2 pathway in PCa cell lines. Three human PCa cell 
lines PCa LNCaP (p53+/+), 22RV1 (p53−/+), and PC3 (p53−/−) 
harboring different p53 genotypes were used in this research. 
We found that EA downregulated the gene and protein expres-
sion levels of MDM2 and increased the protein expression 
of p53 as determined by  qPCR and western blot analyses. 
Moreover, by using western blot analysis, we determined 
that EA increased the protein expression of the p53 target 
proteins p21, p53 upregulated modulator of apoptosis (PUMA) 
[also known as Bcl‑2‑binding component 3 (BBC3)] and 
Phorbol‑12‑myristate‑13‑acetate‑induced protein 1 (NOXA). 
Furthermore, we found that EA induced apoptosis in the 
absence of p53 by downregulating MDM2 and X‑linked 
inhibitor of apoptosis protein (XIAP) protein expressions as 
determined by western blot analysis. We conclude that EA 
suppressed PCa cells in vitro partly by downregulating MDM2.

Introduction

Prostate cancer (PCa) is the most common cancer in men 
and the second leading cause of cancer‑related mortality 
in men worldwide (1). Because of the limited treatment 
options available for PCa, patients may experience disease 
relapse and are often treated with anti‑androgen therapy (2). 

However, advanced PCa results from the emergence of 
androgen‑independent PCa and eventually must be treated with 
chemotherapy. Although docetaxel‑based therapy is mostly 
used in advanced PCa, patients show low survival rates when 
taking docetaxel, limiting the treatment options available for 
advanced PCa (3). Therefore, targeting PCa independently with 
chemotherapy is crucial. p53 is a transcription factor known as 
the guardian of the genome because it is involved in the tran-
scription of regulatory genes that control cell apoptosis, cell 
cycle arrest, and DNA repair (4). p53 causes cell‑cycle arrest 
by activating the cyclin‑dependent kinase inhibitor p21 (4). In 
addition, p53 induces apoptosis by activating the mitochondrial 
pro‑apoptotic proteins p53 upregulated modulator of apoptosis 
(PUMA) [also known as Bcl‑2‑binding component 3 (BBC3)] 
and Phorbol‑12‑myristate‑13‑acetate‑induced protein 1 
(NOXA) (5). p53 undergoes post‑translation modification 
(PTM) at several sites in response to DNA damage and onco-
gene activation in a cell (4,6). The p53 PTM enables it to be 
activated and stabilized after DNA damage (4). It was previously 
shown that phosphorylation and acetylation of p53 enhance the 
transcription of its target genes (7‑9). On the other hand, p53 
also undergoes ubiquitination and sumoylation, which are asso-
ciated with the nuclear export of p53 and with the inhibition of 
p53 transcriptional activities (10‑12). The TP53 gene is mutated 
in about 50% of cancers (13,14). On the other hand, p53 still 
retains its wild‑type status in about 50% of carcinomas, but 
its activity is diminished. Murine double minute‑2 (MDM2), 
an E3 ligase enzyme, is the major negative regulator of p53 
that is overexpressed in half of the cancers, including PCa (15). 
MDM2 is also a target gene for p53, helping to establish an 
autoregulatory feedback loop in which p53 promotes the tran-
scription of its negative regulator (16). MDM2 regulates p53 by 
three main mechanisms, as follows: It inhibits p53 transcrip-
tional activity, exports p53 from the nucleus, and ubiquitinates 
p53 and degrades it in the proteasome (17,18). Thus, MDM2 
becomes a promising target for cancer therapy in cancers that 
are harboring wild‑type p53 (19). Although MDM2 is the 
main negative regular of p53, it also regulates other proteins 
independently of p53 (16). Among these proteins is X‑linked 
inhibitor of apoptosis protein (XIAP) protein that is known for 
its inhibition to caspase 3 (18).

Epidemiological studies, including PCa cell lines and in vivo 
xenograft models, suggest that the consumption of a selected 
variety of fruits and vegetables rich in polyphenolic compounds 
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is effective against several types of cancer (20, 21). The pome-
granate, a widely consumed fruit, suppresses the growth of 
several cancers, including PCa (22,23). The effect of the pome-
granate on cancers is attributed to its polyphenolic compounds, 
particularly ellagic acid (EA) and urolithin A (UA), which are 
potent antioxidants with anticancer activity (24,25). Previous 
studies have shown that EA causes PCa cell inhibition, cell cycle 
arrest, and apoptosis in 22RV1, DU‑145, PC3, and LNCaP PCa 
cell lines (23,26‑28). In addition, EA has been shown to inhibit 
vascular endothelial growth factor in LNCaP cells, which 
is responsible for cancer angiogenesis (29). In addition to the 
in vitro studies, some investigators have extended the in vitro 
observation to in vivo. For example, using immunodeficient 
murine models of PCa, the authors found EA reduced angio-
genesis and metastasis formation (30). However, these effects 
were not by EA alone since EA was given in combination with 
other polyphenols, luteolin, and punicic acid (30). Another study 
showed that EA inhibited PCa carcinogenesis in vivo (25). Thus, 
EA interferes with multiple biological processes involved in 
PCa initiation, angiogenesis, and metastasis (31). Although these 
and other investigations have confirmed the anticancer effect of 
EA on PCa, the mechanisms by which EA influences the p53/
MDM2 pathway in PCa remain incompletely understood. We 
have recently demonstrated that EA's metabolite, UA, increased 
p53 expression, and inhibited MDM2‑mediated p53 polyubiqui-
tination (32). The aim of the present study was to investigate the 
influence of EA on the p53/MDM2 signaling pathway in PCa 
cells. Here, we confirmed the effect of the parent compound, 
EA, on the p53/MDM2 pathway by downregulating MDM2 
and upregulating p53. Our data suggest that EA suppresses PCa 
progression partly via targeting the p53/MDM2 pathway.

Materials and methods

Cell cultures. Human PCa LNCaP, 22RV1, and PC3 cell lines 
were obtained from the American Type Culture Collection 
(ATCC). Both LNCaP and 22RV1 cell lines were grown 
using RPMI‑1640 media (ATCC) containing 10% fetal 
bovine serum (FBS), penicillin (100 mg/ml) and strepto-
mycin (100 mg/ml). PC3 cells were grown using F12 knight 
media (ATCC) containing 10% FBS, penicillin (100 mg/ml) 
and streptomycin (100 mg/ml). Mouse embryonic fibroblast 
(MEF) cells possessing double knockouts of p53 and MDM2 
(p53‑/‑ MDM2‑/‑) were obtained from Professor Guillermina 
Lozano (MD Anderson Cancer Center, University of Texas, 
Austin, TX, USA). Wild‑type MEF cells were obtained from 
ATCC. Both wild‑type MEF and MEF (p53‑/‑ MDM2‑/‑) were 
grown using DMEM media (ATCC) containing 10% fetal 
bovine serum (FBS), penicillin (100 mg/ml) and streptomycin 
(100 mg/ml). All cell lines were grown in a 37̊C incubator 
with 5% CO2 according to ATCC protocols.

Reagents and antibodies. EA was purchased from Santa 
Cruz Biotechnology, Inc. Anti‑cleaved PARP (cat. no. 5625), 
anti‑cleaved caspase‑3 (cat. no. 9661), anti‑phospho‑MDM2‑ 
ser166 (cat. no. 3521), anti‑p14ARF (cat. no. 2407) 
anti‑PUMA (cat. no. 12450), anti‑NOXA (cat. no. 14766), 
anti‑phospho‑p53‑ser15 (cat. no. 9284), anti‑phospho‑p53‑ser 20 
(cat. no. 9287), anti‑XIAP (2042T), anti‑GAPDH (cat. no. 2118) 
and anti‑β‑actin (cat. no. 3700) antibodies were purchased from 

Cell Signaling Biotechnology, Inc. Anti‑MDM2 antibody (cat. 
no. 556353) was purchased from BD Biosciences. Anti‑p53 
(sc‑126) and anti‑p21 (sc‑6246) antibodies were purchased 
from Santa Cruz Biotechnology, Inc.

Cell viability assay. All cells were incubated in 96‑well plates 
overnight at a concentration of 120,000 cells/ml to allow them 
to adhere and to reach 70% confluency before treatment. Cells 
were then treated with EA at concentrations of 5, 10, 20, 40, 80 
and 160 µM. DMSO was used to dissolve EA and was used as 
a control (CTRL) at a final concentration of 0.08%, while stau-
rosporine (ST) was used as a positive control. Cell viability 
was measured using the CellTiter‑Glo® luminescent assay 
(Promega Corp.) after 24 and 48 h of EA treatment according 
to the manufacturer's protocol.

Immunoblotting (IB). Immunoblotting was conducted as 
described previously (33). Cells were cultured in 100‑mm plates 
at a concentration of 120,000 cells/ml and incubated for 24 h in 
a 37̊C incubator. Following incubation, cells were treated for 24 
or 48 h with either EA (20, 40 and 80 µM) or vehicle control 
prepared in serum‑free medium. Protein lysates were extracted 
using 1X cell lysis buffer containing 20 mM Tris‑HCl (pH 7.5) 
150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% Triton, 
2.5 mM sodium pyrophosphate, 1 mM β-glycerophosphate, 
1 mM Na3VO4 and 1 µg/ml leupeptin (Cell Signaling Technology, 
Inc.). The dishes were then scraped, and the lysate was collected 
in a microcentrifuge tube and placed on ice for 30 min. The 
lysate was then passed through a 21‑gauge needle to break up 
the cell aggregates. The cell lysate was centrifuged at 14,000 x g 
for 10 min and was quantified by BCA reagent (Thermo Fisher 
Scientific, Inc.). An amount 30 µg of protein lysate for each 
sample was loaded equally onto SDS‑PAGE for separation using 
gradient (4‑20%) gels (Bio‑Rad Laboratories). The gel was then 
transferred to a nitrocellulose membrane (Bio‑Rad Laboratories) 
using Trans‑Blot Turbo Transfer System (Bio‑Rad Laboratories) 
with transfer buffer (containing 230 mM glycine, 25 mM Tris, 
0.7 mM SDS, 20% methanol). The membrane was then blocked 
using Odyssey blocking buffer (LI‑COR Biosciences) for 1 h at 
room temperature to block the nonspecific binding sites on the 
membrane. The membrane was then incubated at 4̊C overnight 
with blocking buffer containing p53 (1:1,000), p‑p53‑ser 15 
(1:1,000), p‑p53‑ser20 (1:1,000), MDM2 (1:500), p‑MDM2 ser166 
(1:1,000), p21 (1:500), cleaved caspase 3 (1:1,000), cleaved PARP 
(1:1,000), p14ARF (1:500), NOXA (1:500), PUMA (1:1,000), 
XIAP (1:1,000), GAPDH (1:1,000) and β-actin (1:1,000). The 
membrane then was washed three times with Tris‑buffered 
saline with 0.1% Tween 20 (TBST), and then incubated for 
1 h at room temperature with a blocking buffer containing the 
appropriate secondary antibody (1:15,000). Protein bands were 
visualized using the LI‑COR Odyssey CLx imaging system 
(LI‑COR Biosciences). The loading controls used for western 
blotting were GAPDH and β‑actin. The densitometry for each 
band was measured using ImageJ 1.5k software (National 
Institutes of Health, Bethesda). Each band was normalized to its 
corresponding loading control as shown on the y‑axis for each 
quantitative analysis of the western blot.

Quantitative real‑time polymerase chain reaction (RT‑qPCR). 
PCa cells were treated with 40 and 80 µM of EA for 24 h for 
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22RV1 and LNCaP cell lines, respectively, and 20 µM of EA 
for PC3 cells also for 24 h. Total RNA was extracted and puri-
fied from the cell lines using the miRNeasy Mini kit (Qiagen) 
according to the manufacturer's guidelines. The complemen-
tary DNA was generated from the total RNA by using the 
iScript cDNA Synthesis kit (Bio‑Rad Laboratories). The quan-
titative real‑time polymerase chain reaction was performed 
with a real‑time thermal cycler (Bio‑Rad Laboratories) using 
SsoAdvanced™ Universal SYBR® Green Supermix (Bio‑Rad 
Laboratories). RT‑qPCR reactions were conducted for 40 
cycles. Each cycle included denaturation (95̊C for 39 sec), 
annealing (57̊C for 30 sec), and extension (60̊C for 30 sec). 
Specific primers were used as follows: For human P21 forward 

(CTG AGA CTC TCA GGG TCG AA) and reverse (CGG CGT 
TTG GAG TGG TAG AA); for human MDM2 forward (TGG 
CGT GCC AAG CTT CTC TGT) and reverse (ACC TGA GTC 
CGA TGA TTC CTG CT); for human GAPDH forward (CAG 
CCT CAA GAT CAT CAG CA) and reverse (GTC TTC TGG 
GTG GCA GTG AT). The mRNA expressions of MDM2 and 
P21 were calculated using the 2-ΔΔCq method (34), with the 
GAPDH as an internal control, and data were represented as 
fold change.

Statistical analysis. All data are representative of three 
or more independent experiments. Data are presented as 
mean ± standard error of the mean (SEM). Unpaired student's 

Figure 1. (A) Cell viability assay for the effect of EA on PCa cell lines. Cell Titer‑Glo assays were performed to determine the cell viability of LNCaP, 22RV1 
and PC3 cells following treatment with EA at concentrations of 0‑160 µM for 24 h (top panels) and 48 h (lower panels). The percentages of viable cells were 
determined relevant to untreated cells as compared to vehicle control (CTRL). One‑way ANOVA of three measurements in triplicate (mean ± SEM) was 
performed. *P<0.05, **P<0.01, ***P<0.001 significant results of different concentrations. of EA vs. CTRL (vehicle control); ns, not significant; ST, staurosporine. 
(B) Representative western blotting of cleaved PARP protein expression in PCa LNCaP and 22RV1 cells with their corresponding quantitative analyses. EA 
significantly increased the protein expression of cleaved PARP in LNCaP (40 and 80 µM, P≤0.0001) and in 22RV1 cells (40 µM, P=0.023; 80 µM, P=0.0009). 
Also, EA significantly increased the protein expression of cleaved caspase 3 in PC3 cells (20 µM, P=0.0476). Results are expressed as arbitrary units (A.U.) 
and represent the means ± SEM of 3 experiments *P<0.05, **P<0.01, ***P<0.001,****P<0.0001 significant results of 40 and 80 µM EA vs. CTRL (vehicle control). 
PCa, prostate cancer; EA, ellagic acid; PARP, poly(ADP‑ribose) polymerase.



MOHAMMED SALEEM  and  SELIM:  MDM2, TARGET FOR EA‑MEDIATED PCa SUPPRESSION1258

T‑test was used to compare two groups. One‑way ANOVA, 
followed by Dunnett's multiple comparison tests were 
performed to compare three groups. Data were generated 

using GraphPad Prism v7.04 (GraphPad Software, Inc.). 
P<0.05 was considered to indicate a statistically significant 
difference.

Figure 2. Representative western blotting of p53, p‑p53‑ser15, and p‑p53‑ser20 protein expression in PCa (A) 22RV1 and (B) LNCaP cells with their corre-
sponding quantitative analyses. (A) In 22RV1 cells, EA significantly increased the protein expression of p53 (40 µM, P=0.0011; 80 µM P=0.0002), p‑p53 ser 15 
(40 µM, P=0.0122; 80 µM, P=0.0047) and p‑p53‑ser 20 (40 µM, P=0.0231; 80 µM, P=0.0046). (B) In addition, EA significantly increased the protein expression 
of p53 (40 µM, P=0.0164; 80 µM, P=0.0110) in LNCaP cells. Results are expressed as arbitrary units (A.U.) and represent the means ± SEM of 3 experiments. 
*P<0.05, **P<0.01, ***P<0.001, significant result of 40 and 80 µM EA vs. CTRL (vehicle control). PCa, prostate cancer; EA, ellagic acid; p‑, phosphorylated.
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Figure 3. (A‑D) Representative western blotting of MDM2, p‑MDM2‑ser166, p21, and p14ARF protein expression in PCa 22RV1, LNCaP, and PC3 cells with 
their corresponding quantitative analyses. EA significantly increased the protein expression of p21 in (A) 22RV1 cells (40 µM, P=0.00137; 80 µM, P=0.0053), 
(C) LNCaP cells (40 µM, P=0.0057; 80 µM, P=0.0363) and (E) PC3 cells (20 µM, P=0.0025). (B) In 22RV1 cells, EA significantly decreased protein expression 
of MDM2 (40 µM, P=0.044; 80 µM, P=0.0083), and p‑MDM2 at ser166 (40 µM, P=0.0212; 80 µM, P=0.0013). 
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Results

EA induces apoptosis in PCa cells. Different concentrations 
of EA were used for cell viability assay ranging from 5 to 
160 µM for 24 and 48 h. For 22RV1 and LNCaP cell lines, EA 
did not promote any significant decrease in cell viability after 
24 h of treatment compared with the vehicle control (Fig. 1A). 
Separately, for PC3 cells, EA significantly inhibited PC3 cell 
viability after 24 h, starting at 20 µM. On the other hand, PCa cell 
viability was decreased in all cell lines after 48 h compared with 
the vehicle control (Fig. 1A; lower panel). We further confirmed 
the apoptotic effect at 24 h at 40 and 80 µM EA in the LNCaP 
and 22RV1 cell lines (Fig. 1B). Although EA did not affect cell 
viability at 24 h, it enhanced the expression of cleaved PARP 
in the LNCaP and 22RV1 cell lines compared with the vehicle 
control, suggesting apoptosis at 24 h following treatment with 
40 and 80 µM EA (Fig. 1B). For PC3 cells, cleaved caspase‑3 
was significantly increased after treatment with 20 µM of EA 
for 24 h when compared with the vehicle control (Fig. 1B; right 
panel). Since we aimed to ascertain the effect of EA on MDM2 
and p53 at the same concentrations that caused apoptosis, we 
continued to use 40 and 80 µM for subsequent experiments.

EA increases p53 protein expression and enhances the 
expression of p53 target proteins. Following the results of 
apoptosis, we sought to investigate the effect of EA on p53 
expression. The p53 protein level was significantly increased 
in 22RV1 and LNCaP with 40 and 80 µM of EA at 24 h after 
treatment compared with the vehicle control (Fig. 2A and B). 
Previous studies have shown that many polyphenols increase 
p53 expression by inducing DNA damage (35); thus we 
investigated the effects of EA on p53 PTM, particularly phos-
phorylation. We found that EA increased phosphorylated p53 
(p‑p53) at ser15 and ser20 in the case of 22RV1 (Fig. 2A). On 
the other hand, the increase in phosphorylated p53 at ser15 
was not significant in LNCaP following treatment with EA 
at both concentrations used, and no expression of phosphory-
lated p53 at ser20 was detected in LNCaP cells (Fig. 2B).

Next, we investigated the effects of EA on p53 main target 
proteins, MDM2, and p21. As expected, the protein level of 
p21 was increased by 40 and 80 µM EA in both 22RV1 and 
LNCaP cell lines at 24 h compared with the vehicle control 
(Fig. 3A and C). Importantly, the p21 gene and protein expres-
sions were also significantly elevated in PC3 (p53−/−) cells 
following 20 µM EA at 24 h when compared with the vehicle 

Figure 3 (Continued). (D) In LNCaP cells, EA significantly decreased MDM2 protein expression (40 µM, P=0.0282; 80 µM, P=0.0121), and p‑MDM2 at ser166 
(80 µM, P=0.0221). (E) In PC3 cells, EA significantly decreased protein expression of MDM2 (20 µM, P=0.0131) and significantly increased protein expression 
of p14ARF (20 µM, P=0.0328). Results are expressed as arbitrary units (A.U.) and represent the means ± SEM of 3 experiments. *P<0.05, **P<0.01, significant 
result of 20, 40 and 80 µM EA vs. CTRL (vehicle control). PCa, prostate cancer; EA, ellagic acid; p‑, phosphorylated; MDM2, murine double minute‑2.
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control (Figs. 3E and 4A). Of note, although MDM2 is also 
a target gene for p53, the protein expression of MDM2 was 
significantly decreased in all cell lines examined in this study 
when compared with the vehicle control (Fig. 3B, D and E). 
Moreover, EA at 40 and 80 µM downregulated phosphorylated 
MDM2 (p‑MDM2) at ser166 in 22RV1 and LNCaP cells at 
24 h when compared with the vehicle control (Fig. 3B and D). 
To further understand the nature of the MDM2 protein down-
regulation promoted by EA, we investigated the effects of EA 
on MDM2 mRNA expression. As expected, 40 and 80 µM 
EA caused the downregulation of MDM2 gene expression in 
both 22RV1 and LNCaP cell lines at 24 h when compared 
with the vehicle control (Fig. 4C and D) although the decrease 
was not significant at 80 µM in 22RV1 cells. However, the 
gene expression of MDM2 was not significantly changed in 
PC3 cells following treatment with 20 µM EA at 24 h when 
compared with the vehicle control (Fig. 4B). To further under-
stand the MDM2 downregulation by EA, we also investigated 
the effects of EA on the MDM2/p14ARF pathway in PCa cells. 
Interestingly, p14ARF was markedly increased in 22RV1 and 
PC3 cells (Fig. 3A and E) but not in LNCaP cells (Fig. 3C).

EA induces apoptosis in a p53‑dependent and ‑independent 
manner. p53 provokes apoptosis mainly through the induction 
of the pro‑apoptotic proteins PUMA and NOXA (36). We 
therefore examined the effects of EA on expression levels of 
these proteins. As expected, EA increased the levels of PUMA 
and NOXA in 22RV1 and LNCaP cells at 40 and 80 µM at 

24 h when compared with the vehicle control (Fig. 5A and B). 
To validate the apoptotic effect in PC3 cells in the absence of 
p53, we separately found that EA significantly downregulated 
XIAP protein at 20 µM at 24 h compared with the vehicle 
control, leading to increase cleaved caspase‑3 (Fig. 5C). These 
data suggest that EA induces apoptosis in a p53‑dependent and 
‑independent manner by downregulating MDM2.

Effects of EA are independent of p53 and MDM2. The above 
results showed that EA induces PCa suppression via targeting 
MDM2 and activating p53. To further examine the effect of EA 
on the status of p53 and MDM2, we used MEF cells that have 
double knockouts for both p53 and MDM2 (p53‑/‑ MDM2‑/‑). 
Cell viability assay showed that EA did inhibit MEF cell 
viability at the concentration range of from 5 to 160 µM at 
24 h in both the WT and double knockout MEF cells (Fig. 6A; 
upper panel). Moreover, EA induced cleaved caspase‑3 
expression In both the WT and double knockout MEF cells, 
suggesting apoptosis was induced independently of p53 and 
MDM2 (Fig. 6B; lower panel).

Discussion

EA is a naturally occurring polyphenolic compound that is 
derived from punicalagins (23). Although EA is known for its 
ability to induce cytotoxic effects in several types of cancer, 
including PCa (37), the influence of EA on MDM2 and p53 in 
PCa is not yet fully understood. We confirmed that EA induced 

Figure 4. (A and B) Effect of EA on MDM2 and P21 mRNA levels in PCa PC3 cells using RT‑qPCR. (A) EA at 20 µM significantly increased P21 mRNA 
expression in PC3 cells (P=0.0234). (B) The effect of EA on MDM2 mRNA in PC3 cells was not significant (P=0.2239). (C and D) Effect of EA on MDM2 
mRNA levels in LNCaP and 22RV1 cells using RT‑qPCR. (C) EA at 40 and 80 µM significantly decreased MDM2 gene expression in LNCaP cells (40 µM, 
P=0.0151; 80 µM, P=0.0099). (D) EA at 40 µM significantly decreased MDM2 gene expression in 22RV1 (P=0.0433). Bars represent MDM2 mRNA in PCa 
cells treated with vehicle control (0.08% DMSO) or with 40 or 80 µM of EA for 24 h. Data are expressed as fold‑decrease compared with the vehicle control 
and normalized using GAPDH as an internal control and represent the mean means ± SEM of 3 experiments. *P<0.05, **P<0.01 significant result of 20, 40 or 
80 µM EA vs. CTRL (vehicle control). PCa, prostate cancer; EA, ellagic acid; MDM2, murine double minute‑2.
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Figure 5. Representative western blotting of NOXA, and PUMA protein expression in PCa (A) 22RV1 and (B) LNCaP cells with their corresponding quantitative 
analyses. (A) EA significantly increased the protein expression of PUMA in 22RV1 (40 µM, P=0.0052; 80 µM, P=0.0173) and (B) LNCaP cells (80 µM, P=0.0362). EA 
also increased the level of NOXA protein expression in (A) 22RV1 (40 µM, P=0.0172; 80 µM, P=0.0028), and (B) LNCaP cells (40 µM, P=0.0432). (C) Representative 
western blotting of MDM2, XIAP and cleaved caspase 3 protein expression in PC3 cells. EA significantly increased the protein expression of XIAP (20 µM, 
P=0.0436). Results are expressed as arbitrary units (A.U.) and represent the means ± SEM of 3 experiments. *P<0.05, **P<0.01, significant result of 20, 40 and 80 µM 
EA vs. vs. CTRL (vehicle control). PCa, prostate cancer; EA, ellagic acid; MDM2, murine double minute‑2; PUMA, p53 upregulated modulator of apoptosis [also 
known as Bcl‑2‑binding component 3 (BBC3)]; NOXA, Phorbol‑12‑myristate‑13‑acetate‑induced protein 1; XIAP, X‑linked inhibitor of apoptosis protein.
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apoptosis by increasing the expression of cleaved PARP in 
LNCaP, 22RV1, and PC3 cell lines, although no significant 
effect was found on the viability of PCa cells after 24 h. We 
assumed this discrepancy between cell viability assay and 
apoptosis after 24 h is that apoptosis is an early event in cell 
death, while cell viability is reduced at the late stage of apop-
tosis. We further confirmed this by analyzing the viability after 
48 h, finding that EA suppressed PCa cell viability. Moreover, 
we chose 40 and 80 µM as these two concentrations caused 
a significant effect on apoptosis after 24 h. Since we aimed 
to ascertain the effect of EA on MDM2 and p53 at the same 
concentrations that caused apoptosis, we used 40 and 80 µM 
for all other experiments. To note, EA reduced the LNCaP cell 
viability at a low concentration. In a separate experiment, we 
found that EA induced apoptosis at a low concentration but 
without affecting the p53 and MDM2 at low concentration 
(data not shown). We conclude that EA can induce apoptosis 
at a low concentration in a pathway that is independent of the 
p53‑MDM2 pathway; such a pathway requires a high concen-
tration of EA to get stimulated. Vanella et al (28) showed that 
EA induced LNCaP cell death by targeting the mTOR pathway 
and lowering the intracellular level of β‑catenin. Moreover, 
their study also showed that EA increased the expression of 
p21 in LNCaP cells (28).

In the present study, we demonstrated the influences of EA 
on the p53/MDM2 pathway in PCa in vitro using three models 
of PCa that each harbor a distinct TP53 gene. Our western blot 
data indicated that EA increased the p53 protein level. p53 acti-
vation is mainly regulated by phosphorylation and acetylation, 
which are part of the post‑translation modification (PTM) of 

p53 (6). Phosphorylation of p53 at ser15 occurred as a response 
to DNA damage that resulted from a single‑ or double‑strand 
break (38). Previous research has shown that other polyphenols 
induce p53 expression by inducing DNA damage, which trig-
gers the ATM/CHK kinases that cause phosphorylation to the 
p53 (35). Here, we found that EA induced phosphorylation of 
p53 at ser15 in 22RV1 cells, indicating a DNA damage mecha-
nism induced by EA in 22RV1 cells. However, p53‑ser 15 was 
not significantly increased after EA treatment in LNCaP cells, 
suggesting that EA does not produce DNA damage effects 
in LNCaP as it does in 22RV1 cells. Prior research showed 
that phosphorylation of p53 at ser20 weakens the interaction 
between p53 and MDM2 (19). In our study, we found EA only 
induces the phosphorylation of p53 at ser20 in 22RV1 cells, 
but not in LNCaP cells. Moreover, the increased level of p53 
protein achieved by EA was accompanied by increases in p53's 
main target protein, p21, in both 22RV1 and LNCaP cells, 
suggesting cell‑cycle arrest of PCa by EA in these cells. This 
finding is in agreement with those previously reported by 
Vanella et al (28,29). p53 is negatively regulated by MDM2, 
which itself is a target gene of p53, forming an autoregulatory 
feedback loop. We recently found that a metabolite of EA, 
urolithin A (UA), increased p53 protein expression, and that 
this increase was accompanied by increases in MDM2 gene 
and protein expression, forming an autoregulatory feedback 
loop (32). Interestingly, although the level of p53 was increased 
by EA, we found that EA did not increase MDM2 protein 
expression as a feedback loop but did downregulate it. We 
speculated the MDM2 downregulation by EA may be occur-
ring at the transcriptional level or via other MDM2 regulators. 

Figure 6. (A) Cell viability assay for the effect of EA on MEF cells (p53−/−MDM2−/−) and wild‑type (WT) MEF cells. Cell Titer‑Glo assays were performed to 
determine the cell viability of MEF cells. The percentages of viable cells were determined relevant to untreated cells as compared to vehicle control (CTRL). 
One‑way ANOVA of three measurements in triplicate (mean ± SEM) was performed. ***P<0.001, ****P<0.0001 significant results of different concentrations of 
EA vs. CTRL (vehicle control); ST, staurosporine. (B) Representative western blotting of cleaved caspase 3 protein expression in MEF (p53−/−MDM2−/−) and 
MEF (WT) cells. EA, ellagic acid; MEF, mouse embryonic fibroblast; MDM2, murine double minute‑2.
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p14ARF, another tumor suppressor, is known to inhibit the 
p53–MDM2 interaction and MDM2 ligase activity (39). A 
previous study revealed that apigenin downregulated MDM2 
by increasing p14ARF in 22RV1 cells (40). In 22RV1 and PC3 
cells treated with EA, we found that p14ARF was increased, 
suggesting a possible mechanism of MDM2 downregulation 
by EA. However, p14AFR was not increased in LNCAP cells, 
indicating that EA may affect either the gene expression of 
MDM2 or affect MDM2 at the protein level. Our data showed 
that EA downregulated MDM2 mRNA in LNCaP and 22RV1 
cells, further explaining the MDM2 protein downregulation. 
We concluded that the downregulation of MDM2 by EA 
suggested that EA inhibited the ligase activity of MDM2, 
preventing p53 ubiquitination and degradation. On the other 
hand, the MDM2 mRNA level was not altered in PC3 cells, 
suggesting that EA downregulates MDM2 protein expression 
by inducing p14ARF or that EA may affect MDM2 protein 
directly. Interestingly, the gene and protein expressions of p21 
were also increased in PC3 cells independently of p53. These 
results are in agreement with those of a previous study that 
confirmed p21 expression in the absence of p53 (41). Moreover, 
MDM2 itself can negatively regulate p21 in a p53‑independent 
manner (42). Therefore, we speculate that the MDM2 downreg-
ulation by EA in PC3 cells may aid in the increased in protein 
expression of p21. It is known that p53 produces apoptosis when 
the p53 protein level reaches the apoptotic threshold (43). Upon 
reaching the apoptotic threshold, p53 induces the expression of 
two main pro‑apoptotic proteins, p53 upregulated modulator 
of apoptosis (PUMA) [also known as Bcl‑2‑binding compo-
nent 3 (BBC3)] and Phorbol‑12‑myristate‑13‑acetate‑induced 
protein 1 (NOXA). (36). PUMA and NOXA can bind the mito-
chondrial antiapoptotic proteins Bcl‑2, Bcl‑X, and MCL‑1 (36), 
producing an intrinsic apoptotic effect. In the present study, the 
increased level of p53 by EA was accompanied by increases 
in PUMA and NOXA, suggesting p53‑dependent apoptosis 
by EA.

MDM2 is phosphorylated by AKT at ser166, enabling it to 
enter the nucleus, where it binds and inhibits the transcriptional 
activity of p53 (44). In the present study, we found that EA down-
regulated phosphorylated MDM2 in LNCaP and 22RV1 cells at 
ser166, restoring the activity of p53 and its target genes. Our 
data on mouse embryonic fibroblasts (MEFs) (p53‑/‑, MDM2‑/‑) 
suggest that the influence of EA on the p53‑MDM2 pathway 
may be partly contributed to the cytotoxic effect of EA on PCa.

All these mechanisms of EA on the p53‑MDM2 pathway 
demonstrate its effectiveness in suppressing PCa through this 
pathway in vitro. However, EA has low bioavailability after 
consumption of pomegranate or other dietary sources in other 
fruits (45). The poor bioavailability of EA will eventually limit 
the metabolically active urolithins, limiting the therapeutic 
effectiveness of these compounds after consumption of pome-
granate (46). In the current study, we selected 40 and 80 µM 
concentrations of EA and UA because they showed significant 
apoptotic effect after a 24‑h treatment and a significant effect on 
p53 and its target genes and proteins in vitro. We acknowledge 
that these concentrations are not bioavailable after consump-
tion of pomegranate. Therefore, the current research suggests 
that EA can be useful to treat PCa if both are extracted from 
pomegranate or other dietary sources. Furthermore, there are 
recent efforts by researchers to improve the bioavailability of 

EA (47,48), which will focus on improving EA drug delivery 
to cancer sites, including PCa.

In conclusion, this study demonstrated the role of the 
natural polyphenol EA in the suppression of PCa cell growth 
by inhibiting the oncogene MDM2 and inducing p53 protein 
expression and its target proteins. However, further experi-
ments are required to validate these data; for example, using 
luciferase reporter assay for p53 before and after EA treatment 
in PCa cells will be useful to validate the gene expression by 
p53. Moreover, RNA‑seq analysis will be useful to validate the 
alteration in gene expression by p53. Additionally, it may be 
useful to observe the effect of EA on AKT to validate the EA 
effect on the phosphorylated MDM2 at ser‑166. Furthermore, 
Annexin V apoptotic assay using flow cytometry will be 
helpful in validating the apoptotic effect by EA. A major 
problem with MDM2 inhibitors is that they produce p53 
accumulation in normal cells, causing toxicity to normal cells. 
Therefore, further research is needed to examine the concept 
of p53 accumulation in a normal prostate cell line provoked 
by EA.
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