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Proteomic exploration of the impacts of pomegranate

fruit juice on the global gene expression of prostate

cancer cell
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Prostate cancer has been known to be the second highest cause of death in cancer among men.
Pomegranate is rich in polyphenols with the potent antioxidant activity and inhibits cell pro-
liferation, invasion, and promotes apoptosis in various cancer cells. This study demonstrated
that pomegranate fruit juice could effectively hinder the proliferation of human prostate can-
cer DU145 cell. The results of apoptotic analyses implicated that fruit juice might trigger the
apoptosis in DU145 cells via death receptor signaling and mitochondrial damage pathway. In
this study, we exploited 2DE-based proteomics to compare nine pairs of the proteome maps
collected from untreated and treated DU145 cells to identify the differentially expressed pro-
teins. Comparative proteomics indicated that 11 proteins were deregulated in affected DU145
cells with three upregulated and eight downregulated proteins. These dys-regulated proteins
participated in cytoskeletal functions, antiapoptosis, proteasome activity, NF-�B signaling, can-
cer cell proliferation, invasion, and angiogenesis. Western immunoblotting were implemented
to confirm the deregulated proteins and the downstream signaling proteins. The analytical
results of this study help to provide insight into the molecular mechanism of inducing prostate
cancer cell apoptosis by pomegranate fruit juice and to develop a novel mechanism-based
chemopreventive strategy for prostate cancer.
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1 Introduction

Prostate cancer (CaP) is known to be the most common malig-
nancy in men and the second leading cause of cancer mortal-
ities among US males with a similar trend in many Western
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countries and in Taiwan [1, 2]. Adenocarcinoma is responsi-
ble for 95% of prostatic neoplasms, despite the usual lack of
specific presenting symptoms. This cancer usually develops
in men over the age of 50. There are about 15–30% cases of
mortality among those diagnosed with prostate cancer [2, 3].
Many epidemiologic and basic science reports strongly impli-
cate that plant-derived phytochemicals may play an essential
role in prostate cancer prevention or treatment [4–7]. Epi-
demiologic studies show that a risk of prostate cancer can
be reduced by the consumption of fruits and vegetables rich
in phytochemicals including hydrolyzable tannins (ellagitan-
nins and gallotannins), condensed tannins (proanthocyani-
dins), anthocyanins, and other flavonoids [8].

Pomegranate (Punica granatum, Punicaceae), is an edi-
ble fruit cultivated in Mediterranean countries, Afghanistan,
India, China, Japan, Russia, the United States, and few
in Taiwan. Edible portions (80% of total fruit weight)
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of pomegranate fruit comprise 80% juice and 20% seed.
Pomegranate contains crude fibers, pectin, sugars, and
polyphenols [tannins (mainly ellagitannins), flavonoids, and
anthocyanins] that provide the fruit potent antioxidant activ-
ity [9–12].

Many well-documented evidences have showed that
pomegranate fruit possesses anti-cancer potential.
Anthocyanin/ellagitannin-rich pomegranate fruit ex-
tract (PFE) product isolated from pomegranate edible
portion with 70% acetone was found to revert the apoptotic
effects on human lung cancer A549 cells by the down-
regulation of cell-cycle regulatory proteins operative in
the G1 stage and inhibiting NF-�B as well as Map kinase
pathway (p38, PI3K/Akt, JNK, and Erk) [13]. In primary
lung tumor animal model, PFE also diminishes tumor
growth/progression/angiogenesis by the suppression of
NF-�B, Map kinase pathway (p38, PI3K/Akt, JNK, and Erk)
and mTOR signaling [14]. In addition to the impacts on
lung cancer, various preparations of pomegranate were
examined on human prostate cancer. Oral feeding of
0.1% and 0.2% w/v PFE significantly retards the tumor
growth of androgen-responsive CWR22Rv1 cell in athymic
nude mice. It can cause G1-phase arrest and induce PC3
cell apoptosis. The induction of G1 phase arrest and cell
apoptosis is invoked by overexpression of proapoptotic Bax
and Bak, downregulation of antiapoptotic Bcl-1 and Bcl-XL,
an increase in WAF1/p21 and KIP1/p27, dwindling in
cyclins D and E and a decrease in cyclin-dependent kinase-2,
-4, and -6 [15]. Other investigations on prostate cancer found
that pomegranate extract (PE) product made from fruit skins
standardized to ellagitannins can restraint prostate cancer
cell possibly caused by chronic inflammation via suppressing
NF-�B pathway, which is well-established signaling pathway
mediating the inflammation relevant to cancer [16]. Prostate
cancer initially occurs as an androgen-dependent lesion; how-
ever, advanced tumor acquires the androgen-independence.
Hong et al. [17] reported that pomegranate polyphenols,
ellagitannin-rich extract can reduce the gene expressions of
key androgen-synthesizing enzymes, suggesting that inhi-
bition of androgen-synthesizing enzymes by pomegranate
polyphenols may be of particular importance in androgen-
independent CaP cells. PE was also observed to inhibit
angiogenesis in prostate cancer through downregulation
of hypoxia-inducible factor 1-� (HIF-1�) that controls the
expression of vascular endothelial growth factor (VEGF) by
transcriptional regulation [18]. Tumor-induced angiogenesis
is controlled by VEGF and the VEGF levels are elevated
in prostate cancer both in animal model and human [19].
Owing to the potent antioxidant activities, pomegranate
also exhibits the abilities of antiinflammation [20] and
hepatoprotection [21].

In this study, we used 2DE coupled with MS/MS to explore
the molecular mechanism underlying the cancer intervention
of pomegranate juice (PFJ). We found that pomegranate fruit
can dampen prostate cancer via inhibiting the expression
of genes linked to apoptosis, metabolic transformation (en-

ergy production), ubiquitin/proteasome degradation, NF�B
signaling pathway, invasion/metastasis, angiogenesis, and
cytoskeleton.

2 Materials and methods

2.1 Preparation of pomegranate fruit juice

Hundred percent PFJ (Royal Chef Brand) imported from Re-
public of Georgia by Sky Chefs International, Inc. was pur-
chased for the experiments. The PFJ was frozen, dried, and
prepared as a 250-�g/�L stock solution in sterile water and
named as PFJ.

2.2 IEF and SDS-PAGE

2DE was carried out as described before with some mod-
ifications [22]. The pH 4–7, 18-cm immobibline dry strips
(GE Healthcare Bio-Sciences AB, Uppsala, Sweden) were re-
hydrated for 16 h at 20�C with 300 �L rehydration buffer
containing 100 �g protein lysates prepared from each of PFJ-
exposed and unexposed DU145 cells using BioRad Protean
IEF Cell. The proteins were then focused at 20�C at 50V, 100V,
200 V, 500 V, 1000 V, 5000 V, and 8000 V, respectively with
a total of 81 434 voltage-hours. After equilibrated in equili-
bration buffer containing 2% w/v DTT and in equilibration
buffer containing 5% w/v iodoacetamide, the equilibrated
gel was loaded onto the top of a 12.5% w/v polyacrylamide
gel and the proteins were separated at 420 V using BioRad
Protean IIxi.

2.3 Silver staining and image analysis

The silver staining was performed as described elsewhere
[22]. Glutardialdehyde was not used in the silver staining
due to the protein identification by MS. The images of 2DE
gel map were captured using BioRad GS800 Densitometer
(Bio-Rad Laboratory, Hercules, CA). To search for the dereg-
ulated proteins in PFJ-exposed DU145 cells, a total of nine
pairs of well-focused gel maps collected from control and
PFJ-incubated DU145 cells were compared by PDQuest 8.0.1
(BioRad) software. Dys-regulated expressed protein spots
identified by computer analysis were further confirmed by
visualization. The intensity of the spot was measured and
normalized as a percentage of the total intensities of all spots
in a gel and analyzed with Student’s t-test (STATISTICA,
StatSoft, Tulsa, OK, USA). For each differentially expressed
protein spot volumes of individual protein spots across replica
gels of naive or PFJ-exposed DU145 cells were analyzed by the
normal distribution test and then Student’s t-test was carried
out when the normal distribution was obtained. However,
when the normal distribution was not acquired, log transfor-
mation was performed followed by the normal distribution
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test and Student’s t-test. In all cases, statistical variance of the
PFJ treated: control spot intensity ratio within 95% (Student’s
t-test; p < 0.05) was considered to be significantly different.
Furthermore the differentially expressed proteins present at
least in five of nine gel pairs were regarded as PFJ-influenced
proteins.

2.4 In-gel digestion and protein identification

analysis via LC-MS/MS

The in-gel digestion and mass spectrometric analysis were
performed as described previously [22]. Briefly, the protein
digest was separated in LTQ-Orbitrap hybrid tandem mass
spectrometer (ThermoFisher, USA) in-line coupled with Agi-
lent 1200 nanoflow HPLC system equipped with LC Pack-
ing C18 PepMap 100 (length: 5 mm; internal diameter:
300 �m; bead size: 5 �m) as the trap column and Agilent
ZORBAX XDB-C18 (length: 50 mm; internal diameter: 75
�m; bead size: 3.5 �m) as the separating column. File Con-
verter in Xcalibur 2.0SR package (ThermoFisher, USA) and
an in-house program were used to extract the MS/MS in-
formation as well as to compute the charge and mass for
each analyzed peptide. TurboSequest program (ver. 27, rev.
11) was then used to search the best matched peptides from
a nonredundant protein database whose FASTA sequences
were downloaded from National Center for Biotechnology In-
formation (ftp://ftp.ncifcrf.gov/pub/nonredun/) on 5th May
2008 with 440 000 entries. While only the tryptic peptides
with 2 or more missed cuts were considered, the mass ranges
during the database search were 1 and 3.5 m/z for fragment
and precursor ions, respectively. The protein identities were
verified only when there were at least two peptides matched
and both search results had high Xcore (i.e. ≥ 2.0 for dou-
bly charged peptides and ≥ 3.0 for triply charged ones) and
with minimal differences between observed and hypothetical
masses (i.e. �M < 10 ppm). For each set of MS/MS analyses,
25 fmol of BSA in gel was analyzed in parallel for verification
of effectiveness of the entire protein identification procedure,
including in-gel digestion, nanoflow HPLC, MS/MS, and in-
formatics analyses. The experimental data were only taken
into account only when 10 ppm mass accuracy and over 70%
coverage was observed for the coprocessed BSA sample.

2.5 Western immunoblotting

After treatment as described in Section 3, DU145 cells were
harvested and lysed in lysis buffer [10 mM Tris (pH 8.0), 0.32
M sucrose, 1% v/v Triton X-100, 5 mM EDTA, 2 mM DTT, and
1 mM PMSF]. After determining its protein concentration us-
ing Bio-Rad DC protein assay kit, equal volume of 2 × sample
buffer [0.1 M Tris (pH 6.8), 2% SDS, 0.2% �-mercaptoethanol,
10% v/v glycerol, and 0.0016% w/v bromophenol blue] was
combined with the cytoplasmic extract. Appropriate amounts
of the lysates were separated by electrophoresis at 100 V with

10% w/v SDS-PAGE, and further transferred on to a PVDF
membrane (Strategene, La Jolla, CA, USA). After blocking for
1 h in 3% (w/v) bovine albumin serum (BSA) at room temper-
ature, membranes were hybridized overnight at 4�C with pri-
mary antibodies against valosin containing protein (Abnova,
Taipei, Taiwan), �-enolase (Abnova), lamin A/C (Abnova,
GAPDH (Abnova), �-actin (Spring Bioscience, CA, USA),
NF-�B (p65) (Enzo, NY, USA), and phospho-c-Jun N-terminal
kinase (Cell signaling, Danvers, MA, USA). The membranes
were washed and probed with suitable secondary antibodies
for 1 h at room temperature. Secondary antibodies binding
on the membrane were detected by chemiluminescence ECL
detection system (Amersham-Pharmacia Biotech Inc., Piscat-
away, NJ, USA) using Fujifilm LAS-3000 Luminescent Image
Analyzer (Fujifilm Corporation, Tokyo, Japan). The intensity
of each protein band was quantified by PDQUEST Quan-
tity One software (Bio-Rad Laboratory) and normalized with
GAPDH protein expression level.

Figure 1. The inhibitory influences of PFJ on DU145 cells. (A)
DU145 cells were incubated with the indicated amounts of PFJ
for 24, 48 as well as 72 h and cell viability was measured by
MTT assay as described in Section 2. * and ** represented
p < 0.05 and p < 0.001, respectively as compared to un-
treated cell using Student’s t-test. The diagram was the typi-
cal result of three independent experiments. (B) The selectiv-
ity of PFJ was determined by dose-dependent response against
HSC, RWPE-1, T24, A549, and DU145 cells carried out by expos-
ing the cells in the presence of the indicated concentrations for
72 h. The figure was the representative data of three independent
examinations. All the data were expressed as mean ± SD of the
mean of four wells.
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For detecting lamin A/C, DU145 cells were lysed in 1 ×
sample buffer [0.5 M Tris (pH 6.8), 1% w/v SDS, 0.1% v/v
�-mercaptoethanol, 5% v/v glycerol] and total cell lysates were
analyzed as described above.

3 Results

3.1 Inhibitory effects of PFJ on outgrowth of human

DU145 prostate cancer cell

In many well-documented studies, various extracts isolated
from pomegranate fruit juice are exploited for investigating
the apoptotic effects of pomegranate on prostate cancer. How-
ever, in this study the commercially available pomegranate
fruit juice was implemented to demonstrate the apoptotic ef-
fect on prostate cancer. Thus, to examine whether PFJ had
the inhibitory effects on DU145 cells, DU145 cells were in-
cubated for different time durations (0–72 h) with or without
various concentrations of PFJ (2.5–12.5 mg/mL). The exper-
imental results in Fig. 1A demonstrated that the impact of
PFJ could be noticed after treatment for 24 h with 10 mg/mL.
The suppressive effects of PFJ were more prominent after
treatment for 72 h with more than 5 mg/mL. After 72 h, ap-
proximately 70% of DU145 cells were dead after incubation
with more than 7.5 mg/mL of PFJ. The observation results
implied that PFJ influenced the viability of DU145 cells in a
time- and dose-dependent manner (Fig. 1A).

The inhibitory influence of PFJ on cell survival observed in
DU145 cells implicated that PFJ might similarly affect normal
cells. Human hepatic stellate cells (HSC) and RWPE-1 cells
were employed to investigate this possibility. As indicated
in Fig. 1B, virtually almost all the HSC and RWPE-1 cells
survived after 72 h treatment with all the PFJ concentrations
tested. However, PFJ could hinder bladder cancer T24 cell,
lung cancer A549 cell, and DU145 cell in a dose-dependent
manner with similar inhibitory activity. Thus normal and
cancer cell lines exhibited differential sensitivity to PFJ.

3.2 PFJ impeded survival of human DU145 cells by

triggering apoptosis

According to the above results, PFJ could invoke an inhibitory
impact on DU145 cell survival. However, necrosis or apopto-
sis may be associated with the killing of DU145 cells by PFJ.
To discover which mechanism was involved in the killing of
DU145 cells, PFJ-treated DU145 cells were examined with
the subG1 cell analysis and annexin V/PI staining using
flow cytometry. Flow cytometric analyses demonstrated that
each of the PFJ concentrations under study (5, 7.5, 10, and
12.5 mg/mL) could induce the formation of prominent hy-
podiploid subG1 peak after incubation for 72 h (Fig. 2A),
reflecting that PFJ could cause the DNA fragmentation in
DU145 cells, which is a typical phenomena of late apop-
totic cell. The distribution of G0/G1, S, and G2/M phases of

PFJ-treated DU145 cells was showed in Supporting Informa-
tion Table S1. Besides, the results of annexin V/PI staining
showed that after incubation for 72 h 12.5 mg/mL of PFJ
could induce the phosphatidylserine translocation in the cell
membrane, which is an initial sign of apoptosis and causes
the subsequent membrane leakage (late apoptotic cell) and
thus increase the percents of early and late apoptotic cells
(Fig. 2B).

3.3 PFJ caused apoptosis in DU145 cell by evoking

the mitochondrial pathway and death receptor

signaling

The results of flow cytometry demonstrated that PFJ might
induce the apoptosis in DU145 cells. However, cytometric
analysis cannot uncover whether PFJ leads to the apoptosis
by death receptor signaling, mitochondrial damage pathway,
or ER stress. To explore the mechanism by which PFJ in-
voked the apoptosis, the processing and activation of caspase-
3, which is considered to play a central role in death receptor
signaling and mitochondrial damage and can be activated by
caspase-8 in death receptor signaling as well as by caspase-
9 in mitochondrial damage, was examined by the caspase-3
activity assay and western blotting. As shown in Fig. 2C, the
activity of caspase-3 was increased temporally in 12.5 mg/mL
PFJ-exposed DU145 cells and the amount of pro-caspase-3
was also dwindled in a time-dependent manner, implying that
caspase-3 was activated and the apoptosis might be initiated
via mitochondrial damage or death receptor signaling. To fur-
ther clarify the apoptotic mechanism mediated by PFJ, the ac-
tivities of caspase-8 and -9 in PFJ-treated DU145 cells was ex-
amined by the activity assay. The data in Fig. 2 showed that the
activities of caspase-8 and -9 were augmented in 12.5 mg/mL
PFJ-administrated DU145 cells in a time-dependent manner,
and Western immunoblotting demonstrated that the quan-
tities of procaspase-9 was decreased temporally, suggesting
that PFJ could induce DU145 cell apoptosis through the mi-
tochondrial pathway and death receptor signaling.

3.4 2DE of PFJ-treated DU145 cells

Based on the data presented above, PFJ may initiate a cas-
cade of biochemical events to induce DU145 cell apoptosis.
To elucidate these events, 2DE coupled with MS was con-
ducted to profile protein expression and search for proteins
whose expressions were altered by PFJ incubation. DU145
cells were treated for 24 h with or without 7.5 mg/mL PFJ. A
7.5 mg/mL treatment was selected because, as indicated by
the results shown by Fig. 1, sufficient affected cells that were
at the same time still viable could be collected and potentially
relevant cellular changes prior to cell death could typically be
observed in DU145 cells treated with 7.5 mg/mL PFJ after
24 h, a concentration that is effective and selective to impede
survival of cancer but not normal cells. Initially, 100 �g of
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Figure 2. Induction of DU145 cell apoptosis by PFJ. (A) DU145 cells were incubated with the indicated amounts of PFJ for 48 as well
as 72 h and sub-G1 analyses were determined by flow cytometry as described in the Supporting Information data. The figure was the
representative result of three independent experiments and the mean ± SD was indicated in right panel. (B) Apoptotic effect was also
observed by treating DU145 cells with 12.5 mg/mL of PFJ for 24, 48 as well as 72 h and the effect was measured by the Annexin V/PI
staining as described in the Supporting Information data. The diagram was the representative data of three independent experiments
and the mean ± SD was demonstrated in lower panels. Control cell was the untreated DU145 cell. (C) DU145 cells were treated with
12.5 mg/mL PFJ for 24, 48, and 72 h. The caspase-3, -8, and -9 activities were measured by colorimetric assay kit as described in the
Supporting Information data. The activity assays were performed in three independent experiments. * indicated P < 0.05 as compared
to control cell using Student’s t-test. (D) DU145 cells were treated with 12.5 mg/mL PFJ for 0, 24, and 48 h. Western immunoblotting was
carried out to detect the depression of pro-caspase-3 and -9 production, indicating that procaspase-3 and -9 were degraded to produce the
activated caspases. The blot was the typical result of three independent experiments.

proteins from control and PFJ-incubated DU145 cells were
loaded and separated by 2DE of 18-cm gel strips (pI 4–7). To
prevent the variation of silver staining, nine replicate gel pairs
were gathered from three independent experiments. The rep-
resentative 2DE maps of control and PFJ-exposed DU145 cells
are depicted in Fig. 3. Each gel resolved up to approximately
850 protein spots. The other gel pairs were shown in the
Supporting Information Fig. S1.

The proteome maps of control and PFJ-administrated
DU145 cells were compared with PDQUEST software to iden-
tify the protein spot variations. After PFJ treatment, differen-
tially expressed protein features were recorded, which were
higher than twofold in magnitude as observed in at least five of
nine replica gel pairs and statistically significant. Eight down-
regulated and three upregulated protein spots were found as
denoted by the arrowed spots in Fig. 3. Spots 2 and 3 were
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Figure 2. Continued.

over twofold but close to statistical significant while spot A
was not statistical significant. The total normalized volume
[volume (ppm)] and statistical result of each protein spot are
presented in Supporting Information Table S2. The total nor-
malized volume was evaluated by the intensity of each spot
divided by the sum of intensities of all spots in the gel.

3.5 Identification of differentially expressed proteins

in PFJ-impacted DU145 cells

After analyzing the proteome maps, peptides were extracted
from each differentially expressed protein spot by in-gel
tryptic digestion and proteins were identified using tandem
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Figure 3. Silver stained 2DE polyacrylamide gels of untreated
and PFJ treated in pH ranges 4–7. Protein lysates were prepared
from 7.5 mg/mL PFJ-treated human DU145 cells for 24 h as de-
scribed in the Supporting Information data. An amount of 100 �g
proteins was loaded on linear pH gradient strip followed by ver-
tical separation on 12.5% SDS polyacrylamide gels as described
in Section 2. The gels shown were the representatives of nine
pairs of (A) Naı̈ve DU145 cells and (B) PFJ-incubated DU145 cells.
The numbers shown on the top of the gel indicated the pH range
and those on the left indicated the approximate molecular mass
(kDa) determined by Bio-Rad protein markers. The differentially
expressed spots were shown by arrows. Three spots were found
to be upregulated (spots 1–3) in PFJ-affected cell and eight spots
were downregulated (spots A–H).

mass spectrometry. The results of spectrometric analyses
were summarized in Table 1 and the matched peptides of
each deregulated protein were shown in Supporting Infor-
mation Table S3. The experimental molecular weight and
pI of each protein spot were close to the theoretical values,
and the spectrometric protein coverage was entirely above
20%.

The overexpressed proteins (spots 1–3) were identified
as heat shock protein 70, lamin A/C (LMNA), and actin-
related protein 2 homolog (ARP2). The underexpressed pro-
teins (spots A-H) recognized as valosin containing protein
(VCP), human prolidase, �-enolase (ENO1), �-actin, protea-
some subunit � type 3 (PSMA3), translationally controlled
tumor protein (TCTP), mago nashi homolog 2, and ubiqui-
tin conjugating enzyme E2N (UBE2N) (Table 1). Aberrant
expression of LMNA is a common feature in a variety of
different cancers [23]. Apoptosis is generally preceded by pro-
nounced changes of the actin cytoskeleton. ARP2 is essen-
tial for the assembly and maintenance of actin-based struc-
tures in the cell [24]. A stronger VCP expression is associated
with metastasis and prognosis in prostate cancer [25]. Over-
expression of ENO1 has been found in highly tumorigenic
or metastatic cells in lung cancer and head/neck cancer [26].
Cytoplasmic �-actin may be correlated to intravasation of can-
cer cell and thus to invasiveness of tumor cell [27, 28]. The
enhanced proteasome activity contributes to tumorigenesis
by offering cancer cell with antiapoptotic protection [29]. PFJ
could dampen the expression of genes involved in proteasome
activity (PSMA3 and UBE2N) to hinder DU145 cell prolifer-
ation. TCTP is a novel antiapoptotic protein, which is highly
expressed in several cancer cell types including prostate can-
cer [30–33]. The overall experimental results indicated that
the influences of PFJ on the deregulated proteins were in
accordance with the inhibitory effects of PFJ on DU145
cells.

3.6 Confirmation of differentially expressed proteins

by Western blotting

To validate our speculation on the proteomics results, West-
ern immunoblotting was employed to assess the expression
of VCP, ENO1, �-actin, and LMNA. These four proteins were
chosen as proteins of interest by high-fold alteration and po-
tential relevant characteristics to prostate cancer. Although
the deregulation of LMNA and VCP were close to statisti-
cally significant, consistent with the proteomics data the re-
sults of Western immunoblotting demonstrated that VCP,
ENO1 and �-actin were discovered to be downregulated in
PFJ-treated DU145 cells whereas LMNA was found to be up-
regulated (Fig. 4A). Asai et al. [34] reported that VCP is known
to be involved in the ubiquitination process of I�B-� (en-
dogenous inhibitor of NF-�B) and can regulate the activation
of NF-�B. Thus Western immunoblotting with the antibody
against p65 component of NF-�B was carried out to clarify
whether PFJ could impact the activation of NF-�B. Western
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Table 1. Differentially expressed proteins identified by mass spectrometrya)

Spot Protein Incidence p- Experimental Theoretical Matchedb) Coverage Accession Fold
identity value pI/MW(kDa) pI/MW(kDa) peptide number (%) number (NCBI)

1 Heat shock
protein 70

6/9 P < 0.05 5.39/66.62 5.37/70.90 14 37.62 EAW67539 +3.13

2 Lamin A/C 6/9 p = 0.08 6.62/69.5 8.91/87.37 9 14.18 EAW52998 +2.65
3 Actin-related

protein 2
homolog

6/9 p < 0.05 6.68/41.07 6.29/44.76 3 10.41 EAW99908 +2.62

A Valosin
containing
protein

6/9 p = 0.07 5.07/73.48 5.14/89.32 8 16 AAI21795 −2.33

B Prolidase 5/9 p = 0.16 5.89/54.14 5.64/54.55 2 9.92 2IW2_A −3.16
C �-Enolase 6/9 p < 0.05 6.44/46.60 7.01/47.17 6 20.51 CAA34360 −3.13
D �-Actin 6/9 p < 0.01 5.16/44.19 5.29/41.74 6 26.67 EAW87341 −3.88
E Proteosome

subunit �

type 3

6/9 p < 0.01 5.00/31.40 6.12/24.22 4 17.81 EAW80715 −2.59

F Translationally
controlled
tumor
protein

6/9 p < 0.05 4.69/24.67 4.84/19.60 3 18.02 P13693 −2.31

G Protein mago
nashi
homolog 2

5/9 p < 0.01 5.92/17.69 5.96/17.28 2 20.95 BAB14202 −3.54

H Ubiquitin
conjugating
enzyme E2N

7/9 p < 0.01 6.08/17.68 6.13/17.14 2 19.74 BAA11675 −3.3

a) Matched peptide number: Number of peptides matched with protein in MS/MS query. Coverage: Total percentage of amino acid sequence
covered by peptides identified by MS/MS analyses.
b) The detail data of MS/MS identification for each peptide are provided in Supporting Information Table S2.

immunoblotting analysis showed that PFJ could decrease
the amount of p65 in the cytoplasm of DU145 cell, which
along with p50 subunit moves to nucleus to activate the
target genes when NF-�B is activated, compared to that in
untreated-DU145 cell and also hindered the translocation of
p65 into nucleus (Fig. 4B). The aforementioned results im-
plied that PFJ could inhibit the NF-�B activation. Topisirovic
et al. [35]found that p53-UBE2N complexes on polysomes can
prevent p53 multimerization and render it to become tran-
scriptionally inactive. Activation of c-Jun N-terminal kinase
(JNK) disrupts the complex, increasing p53 multimerization
and thus leading to p53 activation. Also p53 activation induces
the downregulation of UBE2N expression. Since PFJ could
decrease UBE2N expression, we hypothesized that JNK was
activated and thus induce p53 activity in PFJ-treated DU145
cells. Western immunoblotting with antibody against active
JNK (phosphorylated JNK, p-JNK) found that the amount of
p-JNK was increased in PFJ-affected DU145 cells, implicating
that PFJ could elicit the activation of JNK and thus evoked p53
activity (Fig. 4C).

4 Discussion

Pomegranate has been illustrated to possess anticarcino-
genic properties that may suppress various cancers. Many re-

search applications have been made to determine the effects
of pomegranate on prostate cancer. They have shown that
pomegranate polyphenols can inhibit prostate cancer growth
both in vitro and in vivo [5, 9, 15–18]. Moreover, daily con-
sumption of an 8-ounce pomegranate fruit juice following
primary treatment of prostate cancer patients can extensively
lengthen prostate-specific antigen doubling time [36]. Since
PFJ has been demonstrated to possess such effects on cancer,
we chose to use a commercially available pomegranate fruit
juice (Royal Chef Brand, imported from Republic of Geor-
gia) to facilitate the convenience of patient consumption. We
investigated the specific proteins affected by PFJ in prostate
cancer cells using gel-based proteomics to shed light on the
molecular mechanism underlying cancer intervention of PFJ.

In this research, we found 11 differentially expressed pro-
teins upon treatment of PFJ to DU145 cells with three up-
regulated and eight downregulated proteins. Among these
dys-regulated proteins, altered regulations of LMNA, VCP,
and prolidase were not statistically significant but Western
immunoblotting analyses indicated that the expressions of
LMNA and VCP were changed upon PFJ treatment.

Among these deregulated proteins, LMNA, localized to the
inner surface of the nuclear envelope, is a protein belonging
to a family of lamins. They are involved in nuclear stability
and providing structural support [37]. It has been found that
reduced or even absent expression of LMNA is a common
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feature in a variety of different cancers, e.g. prostatic carci-
noma, leukemia, and lymphomas etc. [23]. Reduced LMNA
expression is also associated with cancer subtypes, cancer
aggressiveness, and proliferative activity [38]. Other experi-
ments found this protein was necessary for retinoblastoma
protein (Rb) stabilization, and thus a decreased LMNA ex-
pression might reflect a decrease in the activity of Rb that is
a tumor suppressor protein [39, 40]. As LMNA was shown to
be overexpressed in PFJ-treated DU145 cells, we suggested
that PFJ might have the antitumorigenic characteristics by
increasing LMNA expression to enhance Rb activity.

Apoptosis is generally manifest with profound changes of
the actin cytoskeleton. ARP2 is essential for the assembly and
maintenance of actin-based structures in the cell and local-
izes in lamellipodia during cell shape alteration prominent
in apoptosis [41]. In accordance with DU145 cell apoptosis
triggered by PFJ, ARP2 gene expression was altered by PFJ
treatment.

VCP is a protein that belongs to the ATPases (AAA) su-
perfamily linked with various cellular activities, including
vesicle transport as well as fusion and 26S proteasome
function etc. VCP is known to be involved in ubiqui-
tin/proteasome degradation pathway, which has a function
in controlling the levels of various cellular proteins and there-
fore regulates basic cellular processes such as cell-cycle pro-
gression, signal transduction, and cell transformation [42].
The enhanced proteasome activity contributes to tumorige-
nesis by offering cancer cell with antiapoptotic protection
and efficient elimination of abnormal proteins. Because of its
involvement in the ubiquitin/proteasome degradation path-
way, it is identified to promote cell proliferation and decrease
cell death in human cancer cells [43]. VCP is revealed to be
responsible for some cellular activities such as cell-cycle tran-
sition as well as growth control and is postulated to play a
crucial role in tumor invasion and metastasis [34]. Tsujimoto
et al. [25] reported that a stronger VCP expression in prostate
cancer is associated with higher progression and metasta-
sis of prostate cancer. Accordingly, the increased level of
VCP is found to cause the activation of nuclear factor-�B
signaling, cell proliferation and metastasis [25, 34]. Consis-
tent with the above descriptions, our data indicated that PFJ
was able to downregulate the VCP expression and impede
the translocation of p65 in prostate cancer cells, suggest-
ing that PFJ might hinder prostate cancer cell growth by
lowering the VCP expression to inhibit NF-�B pathway and
the proteasome activity. In addition, PFJ could also inhibit
the proteasome activity by suppressing the expression of
PSMA3 that is a component of 20S proteasome core of 26S
proteasome.

UBE2N is a member of E2 ubiquitin-conjugating enzyme
family and can activate NF�B pathway that plays a vital role
in carcinogenesis and antiapoptosis in a number of cancer
types [44]. Consistently, our study showed that PFJ dwindled
the expressions of UBE2N and VCP, also a positive regulator
of NF-�B pathway, implying that PFJ might impair DU145
cell proliferation via inhibiting NF-�B signaling pathway. The

Figure 4. Confirmation of the effects of PFJ on the expression
levels of LMNA, �-actin, ENO1, VCP, NF�B, and p-JNK by Western
immunoblotting. (A) Human DU145 cells were exposed in the
presence of 7.5 mg/mL PFJ for 24 h. LMNA, �-actin, ENO1, and
VCP in cell lysates were detected by Western immunoblotting
as described in Section 2. The blot was the typical data of three
independent studies. Control, untreated DU145 cells; PFJ, PFJ-
treated cells. (B) Western immunoblotting was used to measure
the amount of NF�B/p65 present in the cytoplasm and nucleus.
Human DU145 cells were incubated with 7.5 mg/mL PFJ for 0, 12,
and 24 h. Nuclear as well as cytoplasmic extracts were isolated
as described in the Supporting Information data. The blot was
the representative result of three independent investigations. (C)
p-JNK in human DU145 cells. Human DU145 cells were treated
with 7.5 mg/mL PFJ for 0, 12, and 24 h.

reduced activity of NF-�B cascade in DU145 cell elicited by
PFJ was likely to be an important cancer intervention mecha-
nism carried out by pomegranate fruit juice against prostate
cancer. Besides, UBE2N regulates p53 activity via manipu-
lating the formation of p53-UBE2N complexes on polysomes
by JNK signaling and p53 activation induces the downreg-
ulation of UBE2N expression, suggesting the presence of
an UBE2N-p53 feedback loop [35]. Moreover, JNK activa-
tion is required for mycophenolic acid-induced apoptosis in
an insulin-secreting cell [45]. Our study demonstrated that
PFJ could attenuate the UBE2N expression and activate JNK,
implicating that PFJ might provoke DU145 cell apoptosis
via altering UBE2N expression and activating JNK signaling
pathway.

�-Enolase is known to be mainly involved in glycolysis,
which catalyzes the conversion of 2-phosphoglycerate to phos-
phoenolpyruvate. �-Enolase may be an upregulated stress
protein in hypoxic situations which tumor cells encounter
before angiogenesis, providing protection to cells by increas-
ing anaerobic metabolism [46]. Normal cells increase gene
expression of glycolytic enzymes to adapt to environmen-
tal stress that is triggered by activation of hypoxic-inducible
transcription factor [47]. This cellular process is reversible
in normal cells, but not in malignant cells. Tumor cells im-
plement aerobic glycolysis for inefficient energy metabolism
known as the Warburg effect, which increases the difficulties
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for treatment [48]. Essentially, glycolytic enzymes are com-
monly upregulated in various cancers. Since ENO1 is one of
the target genes of oncogenes Akt and myc [49], which stim-
ulate anerobic glycolysis directly, it exemplifies that the ele-
vated gene expression of ENO1 is an inevitable consequence
during tumorigenesis. Furthermore, a bioinformatics study
revealed a correlation between the upregulated expression of
ENO1 and tumorigenecity in 18 of 24 types of cancer [50].
Therefore, our results demonstrating the downregulation of
ENO1 by treatment of PFJ implicated that PFJ might lower
the levels of glycolytic enzymes to interfere with the normal
energy production of cancer cell and thus inhibit DU145 cell
proliferation.

�-Actin belongs to one of human actin isoforms. Specif-
ically, �-actin is a nonmuscle cytoskeletal actin involved in
cell motility, structure, and integrity [51]. It was found that
an upregulation of �-actin is correlated to increased cell loco-
motion, particularly in protrusion [52]. Correlation with this,
the cytoplasmic �-actin may play an important role in the
“ameboidal” type of movement, which is linked with cancer
cell intravasation [53]. Moreover, others have supported that
�-actin participates in pseudopodial protrusion and invasive-
ness of tumor cells [54]. �-Actin was found to be higher in
invasive cells of colon adenocarcinoma rather than in non-
invasive ones, further supporting that �-actin may be in-
volved in metastasis [55]. �-actin was observed to have the
greatest fold of differential expression in our study by be-
ing downregulated up to almost fourfold, implying that PFJ
might contain the properties that restrain metastasis and in-
vasiveness of prostate cancer cells by the decrease in �-actin
expression.

Mago nashi homolog 2 is involved in the mRNA splic-
ing and nonsense-mediated mRNA decay pathway that elim-
inates mRNAs containing premature translation-termination
codons [56]. Chromatography-based proteomics using iTRAQ
technique reported by Garbis et al. [57] showed that mago
nashi homolog 2 is upregulated in prostate cancer cell. Con-
sistent with the observation by Garbis et al., our study found
that PFJ could suppress the expression of mago nashi ho-
molog 2 and thus possibly interfere with the mRNA turnover
in prostate cancer cell, which in turn affects tumor cell pro-
liferation.

Prolidase mediates the final step of collagen degradation.
It specifically cleaves the imidodipepetide with C-terminal
proline or hydroxyproline rich in collagen and recycles
proline for collagen resynthesis in the cell [58]. Prolidase
serve as a step-limiting role in the metabolism of collagen
and regulates the collagen biosynthesis at transcriptional
and posttranscriptional level [59]. Collagen is predominantly
abundant in extracellular matrix. Successful degradation of
extracellular matrix by metalloproteinases is essential for
tumor invasion and metastasis. Thus prolidase is associ-
ated with tumor invasion and metastasis [60]. Many well-
documented evidences also showed that prolidase can pro-
voke the expression of HIF-1 �, VEGF, and HIF-dependent
gene product, suggesting that it also is involved in angio-

genesis [60]. In this study, we found that PFJ could decrease
prolidase gene expression and therefore might inhibit the
invasion capability and the angiogenesis of DU145 cell.

Previous studies demonstrated that pomegranate can in-
hibit prostate tumor growth [15–18]. These studies attribute
pomegranate-induced tumor growth inhibition to the mech-
anism that pomegranate can evoke CaP cell apoptosis via
dys-regulating the expressions of proapoptotic as well as
antiapoptotic proteins and deregulating cyclins and cyclin-
dependent kinases [15–17]. PE was also found to restraint an-
giogenesis in CaP through downregulation of VEGF activator,
HIF-1� by transcriptional regulation [18]. Our comparative
proteomics data suggested that pomegranate fruit juice could
restraint prostate cancer via manipulating the expressions of
genes related to apoptosis, metabolic transformation (energy
production), ubiquitin/proteasome degradation, NF�B sig-
naling pathway, invasion/metastasis, angiogenesis, and cy-
toskeleton. Compared to the documented mechanism, in this
study we proposed a novel multi-pathway-involved mecha-
nism of PFJ-induced prostate cancer intervention. PFJ was
able to (i) induce prostate cancer cell apoptosis by downregu-
lation of TCTP and UBE2N expressions; (ii) restrain prostate
cancer cell invasiveness/metastasis by inhibiting the expres-
sions of VCP and prolidase; (iii) impact the activation of
NF-�B signaling pathway in prostate cancer cell via the un-
derexpression of VCP and URE2N; (iv) decrease the protea-
some activity in prostate cancer cell by lowering the expres-
sions of VCP and PSMA3; (v) interfere with the metabolic
transformation by lowering ENO1 expression; (vi) manip-
ulate the angiogenesis by the downregulation of prolidase;
(vii) change the cell morphology through the deregulations
of LMNA, ARP2, and �-actin in prostate cancer. This study
provided an illustration of significant proteins that interact
with molecules present in PFJ, which may cause a bene-
ficial effect whether in preventing or treatment of prostate
cancer. Hopefully, our present findings may lead to the de-
velopment of potential molecular markers for CaP and at
the same time, contribute to generating novel ideas for PFJ
as chemopreventive and therapeutic technique for prostate
cancer.
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