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Lycopene modulates growth and survival associated genes in prostate cancer☆
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Abstract

Lycopene is a fat soluble red-orange carotenoid pigment present in tomato that reduces the risk for prostate cancer, a common malignancy among men.
However, the mechanism by which lycopene attenuates prostate cancer is not fully defined. In this study we examined the effect of lycopene on proliferation,
survival, and biomarker gene expression in prostate cancer (PC-3) cells in culture. WST-1 assay showed that lycopene induces a biphasic effect on PC-3 cells with
a modest increase in proliferation at 1–5 μM, no change at 10–25 μM and a decrease at 50–100 μM doses in culture. Interestingly, combination treatment with
lycopene induced anti-proliferative effect of Temozolomide on PC-3 cells. Lycopene also augmented the anti-proliferative effect of peroxisome proliferator-
activated receptor gamma (PPARγ) agonists, but not Doxorubicin or Taxol, in prostate cancer. Flow cytometry analyses showed that lycopene, in combination
with chemotherapeutic agents and PPARγ agonists, induced modest cell cycle arrest with significant increase in cell death by apoptosis and necrosis on prostate
cancer. Gene array and quantitative reverse transcription polymerase chain reaction analyses showed that lycopene alters the expression of growth and
apoptosis associated biomarkers in PC-3 cells. These findings highlight that lycopene attenuates prostate cancer by modulating the expression of growth and
survival associated genes.
© 2013 Elsevier Inc. All rights reserved.
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1. Introduction

Plant-derived bioactive dietary compounds play important roles in
the regulation of health and diseases. Carotenoids are a family of over
600 fat-soluble plant pigments and about 40 of them are commonly
present in human diet [1,2]. Several studies have shown that
carotenoids modify diseases such as cancer, cardiovascular disease,
cataracts and age-related macular degeneration [3,4]. Carotenoids also
improve immune responses, pro-vitamin A activity, gap junction
communication, antioxidant function, and metabolism of drugs and
xenobiotics [2]. Lycopene is a fat soluble red-orange carotenoid pigment
present in tomato,watermelon, papaya, guava and pink grapefruit [1,2].
Structure-function analyses revealed that lycopene (C40H56) is an
Abbreviations: TGFβ-2, Transforming growth factor beta-2; CDK-9, cyclin
dependent kinase–9; EGFR, epidermal growth factor receptor; BCL-2, B-cell
lymphoma–2; BCL2L1, B-cell lymphoma-2 like 1; IGF1R, insulin-like growth
factor 1 receptor; CDK-7, cyclin dependent kinase-7; BRCA1, breast cancer 1;
Real-Time PCR, Real-Time polymerase chain reaction; FBS, fetal bovine
serum; PBS, phosphate-buffered saline.
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acyclic isomer of β-carotenewith a 40 carbon polyisoprenoid chain and
13 conjugated double bond structure [5]. Tomato and tomato products
are rich source of lycopene that have been studied for their benefits in
health and disease. Lycopene exhibits antioxidant, anti-inflammatory,
and anti-cancer properties [6–8]. The dietary consumption of fruits and
vegetables rich in lycopene associates with a reduced risk for different
types of human cancers [9,10].

Prostate cancer is a commonly diagnosed cancer and second leading
cause of cancer-related death amongmen in the United States [11]. The
National Cancer Institute estimates about241,740newcases and28,170
deaths due to prostate cancer amongAmericanmen in 2012 [11].While
the etiology is not known, genetic makeup, age, food habits and
environment are considered risk factors for prostate cancer [12].
Epidemiological and clinical studies suggest that high lycopene
consumption through fruits and vegetables and high levels of serum
lycopene associates with 30–40% reduction in the risk for prostate
cancer [12–14]. Lycopene supplements (8–30mg/day) augment serum
and tissue lycopene and reduce prostate specific antigen (PSA) levels in
men with high-grade prostate cancer [14–16]. Laboratory studies have
also demonstrated that lycopene inhibits the growth and survival of
prostate cancer cells in culture and in animal models, suggesting its
significance in the treatment of prostate cancer [17,18].

Current treatment for prostate cancer includes surgery, radiation,
hormone and chemotherapy, which yield poor prognosis and toxic side
effects. Doxorubicin and Taxol are two chemotherapeutic agents
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Fig. 1. Influence of lycopene on the proliferation of prostate cancer cells. PC-3 cells were
cultured in RPMI medium in 96 well plates with increasing doses of lycopene. After 48
hours WST-1 reagent was added and the absorbance measured at 450 nm. The
experiment was repeated three times and values are mean±S.D. *Pb.05, **Pb.01,
***Pb.001. The chemical structure of lycopene is shown as an insert.
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commonly used in treating prostate cancer. Doxorubicin is an
anthracycline compound that intercalates with DNA, causing topoisom-
erase II-mediated DNA cleavage and apoptosis in prostate cancer cells.
Taxol is an alkaloid isolated from Japanese and Pacific yew that induces
abnormal bundling of microtubules thereby blockingmitotic division in
cancer cells [19,20]. Despite its in vitro effects on prostate cancer cells, a
clinical trial using Taxol showed only modest benefits in patients with
hormone refractory prostate cancer [21]. Whereas, combination
treatment with Docetaxel improves the activity of Doxorubicin in PC-3
andDU-145, twohormoneresistantprostate cancer cells [22].Moreover,
PectaSol, a modified citrus pectin, potentiates the effect of Doxorubicin
in DU-145 and LNCaP prostate cancer cells in culture [23]. However, the
potentiating effect of lycopene on these chemotherapeutic agents to
inhibit prostate cancer is not well defined.

Temozolomide is an alkylating agent that has been commonly
used to treat patients with malignant glioma and other types of
tumors, but not prostate cancer. Temozolomide induces O6-methyl-
guanine formation that pairs with thymine during DNA replication
leading to the activation of apoptotic pathways [24]. Although the
exact mechanism is not known, earlier studies have shown that
Temozolomide inhibits brain tumor by modulating p53/MGMT
signaling pathways [25,26]. However, the influence of lycopene on
the therapeutic efficacy of TMZ on prostate cancer is not known.

Peroxisome proliferator-activated receptor gamma (PPARγ) is a
nuclear receptor transcription factor that regulates cell growth,
differentiation and homeostasis [27]. 15-Deoxy-Δ12,14-prostaglandin
J2 (15d-PGJ2) is a natural ligand for PPARγ, while thiazolidinediones
including Ciglitazone and Pioglitazone serve as synthetic agonists for
PPARγ. PPARγ agonists also modulate lipid metabolism and glucose
homeostasis and have been used as prescription drugs for type 2
diabetes.We and others have shown earlier that PPARγ agonists induce
growth-arrest and apoptosis in different types of tumors [28–30]. Other
studies have also demonstrated that PPARγ agonists induce growth-
arrest bymodulating the expression and activation of PPARγ in prostate
cancer [30,31]. Troglitazone induces G0/G1 cell cycle arrest and
apoptosis by blocking GSK3/nuclear factor κB pathways in prostate
cancer [32]. Another study showed that lycopene up-regulates PPARγ-
LXRα-ABCA1 pathway, suggesting its significance in the treatment of
prostate cancer [33]. However, the potentiating effect of lycopene on
PPARγ agonists to inhibit prostate cancer is not known.

In this study we examined the anti-tumor effect of lycopene alone
or in combination with chemotherapeutic agents and PPARγ agonists
in prostate cancer. We found that lycopene augments growth-arrest
and apoptosis by modulating growth and survival associated genes in
prostate cancer cells, suggesting its significance in the treatment of
prostate cancer.

2. Materials and methods

2.1. Cells and reagents

RPMI 1640 medium, fetal bovine serum (FBS), penicillin, streptomycin, propidium
iodide and RNase A were purchased from Life Technologies (Grand Island, NY, USA).
Lycopene (C40H56, ≥90% pure isolated from tomato, Fig. 1) was purchased from Sigma
Chemicals (St. Louis, MO) and diluted in phosphate buffered saline (PBS) or RPMI
medium. Doxorubicin, paclitaxel (Taxol), temozolomide, pioglitazone and 15d-PGJ2
were obtained from Sigma (St. Louis, MO, USA). Ciglitazone was purchased from EMD
Biosciences (Billerica, MA, USA). The human prostate cancer biomarker array kit was
obtained from Superarray/ SA Bioscience (Valencia, CA, USA). The reagents and primer
sets specific to TGFβ-2, IGF1R, EGFR, CDK-9, CDK-7, BRCA1, BCL-2 and GAPDH for
quantitative reverse transcription polymerase chain reaction (qRT-PCR) were obtained
from Applied Biosystems (Foster City, CA, USA). WST-1 reagent (4-[3-(4-iodophenyl)-
2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate) and Annexin-V-Fluos
staining kit were purchased from Roche (Indianapolis, IN).

2.2. Cell culture

Hormone-refractory human prostate cancer (PC-3) cell line was obtained from the
American Type Culture Collection (ATCC, Manassas, VA, USA). PC-3 cells were cultured
in RPMI-1640 medium supplemented with 10% FBS, 100 U/ml of penicillin and 100 μg/
ml of streptomycin in 5% CO2 incubator at 37°C. Cells were passaged in T-75 tissue
culture flasks as and when they were ~85% confluent. Cells from passage 2 and 3 were
used in the experiments.

2.3. Proliferation assay

The effect of lycopene on prostate cancer cell proliferation wasmeasured byWST-1
assay. PC-3 cells were cultured in RPMI medium (1 × 104/200 μl/well) in 96-well tissue
culture plates in 5% CO2 incubator at 37°C. Increasing doses of lycopene alone or in
combination with chemotherapeutic agents and PPARγ agonists were added at the
initiation of culture. After 48 h, 10 μl of WST-1 reagent was added to each well and the
absorbance measured at 450 nm using a titer-plate reader (Alpha Diagnostics, San
Antonio, TX, USA).

2.4. Cell cycle analysis

The effect of lycopene on cell cycle progression of prostate cancer cells was
determined by propidium iodide staining and flow cytometry. PC-3 cells were cultured
in RPMImedium (5×105/ml) in the absence or presence of 25 μM lycopene alone and in
combination with 1 mMDoxorubicin, 100 μM Taxol, and 25 μM of Temezolomide, 15d-
PGJ2, Ciglitazone or Piogliatzone in 12 well plates. Cells treated with medium, vehicle
or 25 μM lycopene were used as controls. Cells were harvested after 48 h of culture and
fixed in 70% ethanol overnight. Cells were then incubated in PBS containing 100 μg/ml
of propidium iodide, 0.6% NP-40 and 20 μg/ml RNase (Sigma Chemicals, St Louis, MO,
USA) at 4°C for 1 h. The percentage of cells at different phases of cell cycle (G0/G1, G2/
M and S phases) and Debris (subG0/G1) were determined based on DNA content by
flow cytometry using FACS Calibur Flow Cytometer (BD Biosciences). The data were
analyzed using ModFit LT2.0 software (Verity software house, Topsham, ME, USA).

2.5. Apoptosis assay

The effect of lycopene on apoptosis of prostate cancer cells was determined by
Annexin V-FITC staining and flow cytometry. PC-3 cells were cultured in RPMI medium
(5×105/ml) in the absence or presence of 25 μM lycopene alone and in combination
with 1 mM Doxorubicin, 100 μM Taxol, and 25 μM of Temezolomide, 15d-PGJ2,
Ciglitazone or Piogliatzone in 12 well plates. Cells treated with medium, vehicle or 25
μM lycopene were used as controls. Cells were harvested after 48 h of culture and
washed 3 times in PBS containing 0.1% BSA. Cells were then stained with Annexin V-
FITC (Roche, Indianapolis, IN, USA) in binding buffer (0.1M Hepes/NaOH, pH 7.4, 1.4 M
NaCl, 0.2 mM) containing 100 μg/ml propidium iodide according to the manufacturer’s
instruction (Roche). The cells were incubated at room temperature for 30 min in dark,
acquired using FACS Calibur Flow Cytometer (BD Biosciences) and the data analyzed
using FlowJo 8.2.6 software (Tree Star, Ashland, OR, USA).

2.6. DNA microarray

The effect of lycopene on geneexpressionprofile of PC-3 cellswas determined by Super
array containing 263 biomarker genes associated with the diagnosis and prognosis of
prostate cancer (Superarray/Sa Bioscience, Valencia, CA, USA). In brief, PC-3 cells were
cultured in RPMI medium in the absence or presence of 25 μM lycopene. The cells were
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harvested after 18 hrs and total RNA was extracted using Tri-Reagent according to
manufacturer’s instruction (Sigma, St. Louis, MO, USA). Equal quantities of RNA samples
were reverse transcribed into cDNA and then converted to cRNA using the SuperArray
TrueLabeling-AMP 2.0 kit (Superarray Bioscience, Frederick, MD, USA). The cRNA samples
were labeledwith Biotin (Roche, Indianapolis, IN) and hybridizedwith Superarray for 24 h.
The arrays were then developed using a Chemiluminescence detection system and
visualized by exposing to X-ray films. The images were uploaded to GEArray Expression
Analysis Suite 2.0 computer software that reports gene expression profile normalized to
GAPDH as internal control. Microarray data were also analyzed and quantified by using
FluorChemHD2 software (Alpha Innotech/Quansys Biosciences,West Logan, UT, USA). The
microarray experiments were conducted in triplicates and a mean percent change in gene
expression between untreated and lycopene treated PC-3 cells was calculated after
normalizing to GAPDH. Heat map was constructed using Excel software (Mirosoft,
Redmond, WA, USA). Box plot and scatter plot were generated using GraphPad Prizm 5.0
software (GraphPad, La Jolla, CA, USA).

2.7. qRT-PCR

The effect of lycopene on the expression of selected genes in PC-3 cells was
quantified using qRT-PCR technique. In brief, PC-3 cells were cultured in RPMI medium
Fig. 2. Potentiating effect of lycopene on chemotherapeutic agents and PPARγ agonists in prosta
(A) and paclitaxel (B), temezolomide (C), 15d-PGJ2 (D), ciglitazone (E) or pioglitazone (F) in th
absorbance measured at 450 nm. The experiment was repeated three times, values are mean±
###Pb.001 compared to corresponding dose without lycopene.
in the absence or presence of 25 μM lycopene. The cells were harvested after 18 hrs and
total RNA was extracted using Tri-Reagent. Equal quantities of RNA samples were
reverse transcribed into cDNA using TaqMan reverse transcription kit (Applied
Biosystems, Foster City, CA, USA). qRT-PCR was performed using primer sets and
probes (Taqman) for eight selected genes (EGFR, IGF1R, BRCA1, CDK-9, TGFβ-2, CDK-7,
BCL-2, and GAPDH) obtained fromApplied Biosystems (Foster City, CA, USA) in 96-well
format with iCycler MYIQ Real-Time PCR detection system (Bio-Rad, Hercules, CA,
USA). The data were analyzed using the MYIQ Real-Time PCR quantification (delta-
delta-Ct) study software and the gene expression levels were normalized to GAPDH
and presented as relative fold change (RQ) compared to control. The qRT-PCR
experiments were conducted in triplicates and an average percent change in gene
expression between untreated and lycopene-treated PC-3 cells was also calculated.
2.8. Statistical analysis

The experiments were repeated three or more times and the values are expressed
as mean±S.D./S.E.M. The differences between groups were analyzed by one way
ANOVA using GraphPad Prism 5.0 software (La Jolla, CA, USA) and the values with
Pb0.05*,#, Pb0.01**,## and Pb0.001***,### were considered significant.
te cancer. PC-3 cells were cultured in RPMI medium in 96-well plates with doxorubicin
e absence or presence of 25 μM lycopene. WST-1 reagent was added after 48 hrs and the
S.D., *Pb.05, **Pb.01, ***Pb.001 compared to medium control and #Pb.05, ##Pb.01, and

image of Fig.�2
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3. Results

3.1. Lycopene influences the proliferation of prostate cancer cells

Earlier studies have presented conflicting results on the anti-tumor
effect of lycopene in prostate cancer. In this study we found that the
hormone refractory PC-3 cells grow and expand significantly in RPMI
medium in culture. Interestingly, PC-3 cells cultured with 1 and 5 μM
lycopene resulted in 23% and 18% increase in proliferation (Pb.05),
respectively that reversed to control levels at 10 and 25 μM doses.
However, addition of 50 and 100 μM lycopene in culture induced 43%
and 42% decrease in proliferation (Pb.001), respectively (Fig. 1). These
findings suggest that lycopene exerts a biphasic effect on the
proliferation of PC-3 cells, with a modest increase at low dose and a
significant decrease at high dose.
Fig. 3. Effect of lycopene on chemotherapeutic agent and PPARγ agonist induced cell cycle a
agonists (B) in the absence or presence of lycopene. Cells were collected after 48 h and fixed in
by acquiring the samples through a flow cytometer and analyzing the results with ModFit so
3.2. Lycopene augments the anti-proliferative effect of chemotherapeutic
agents in prostate cancer

To further understand the beneficial effect of lycopene, we
examined its potentiating effect on Doxorubicin and Taxol, two
clinically available chemotherapeutic agents for prostate cancer. As
shown in Fig. 2, in vitro treatment of PC-3 cells with Doxorubicin
resulted in a dose-dependent decrease in proliferation, reaching 85%
inhibition (Pb.001) at 1mMdose. Treatmentwith Taxol also induced a
significant decrease in proliferation, reaching 54% inhibition (Pb.001)
at 100 μM dose in culture. However, combination treatment with
lycopene failed to improve the anti-proliferative effects of Doxorubi-
cin or Taxol on PC-3 cells in culture (Fig. 2 A and B). On the other hand,
treatmentwith Temezolomide, a drug of choice for glioma, showed no
rrest. PC-3 cells were cultured with different chemotherapeutic agents (A) or PPARγ
ethanol and stained with propidium iodide. The cell cycle progression was determined
ftware. The experiment was repeated three times.

image of Fig.�3
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significant antiproliferative effect on PC-3 cells. Interestingly, combi-
nation treatment with 25 μM lycopene resulted in a significant and
dose-dependent decrease in PC-3 cell proliferation, reaching 72% and
77% inhibition (Pb.001) at 10 μm and 25 μM Temezolomide,
respectively (Fig. 2 C). These results suggest that lycopene induces
anti-tumor effect of Temezolomide on prostate cancer.

3.3. Lycopene augments anti-proliferative effect of PPARγ agonists in
prostate cancer

We have shown earlier that PPARγ agonists inhibit the growth
and survival of brain tumor stem cells, while other studies
demonstrated inhibition of prostate cancer cells [28,29,32]. In this
study we examined the potentiating effect of lycopene on PPARγ
agonists in PC-3 cells. We found that in vitro treatment of PC-3
Fig. 4. Effect of Lycopene on chemotherapeutic agent induced apoptosis in PC-3 cells. PC-3 ce
agents in the absence (A) or presence of lycopene (B). Cells were collected after 48 h and stai
using a flow cytometer and analyzed using FlowJo 8.4.2 software. Total dead cells (C) and apo
mean±S.D., *Pb.05, **Pb.01, ***Pb.001 compared to drug alone.
cells with 15d-PGJ2, a natural ligand for PPARγ, resulted in a dose-
dependent decrease in proliferation reaching 56% inhibition at 25
μM dose and that further increased to 78% inhibition (Pb.01) in
combination with 25 μM lycopene (Fig. 2D). Similarly, PC-3 cells
treated with Ciglitazone, a synthetic agonist for PPARγ, showed a
dose-dependent decrease in proliferation reaching 68% inhibition
at 25 μM dose that increased to 82% inhibition (Pb.01) in
combination with 25 μM lycopene (Fig. 2E). Moreover, in vitro
treatment of PC-3 cells with Pioglitazone, a clinically available
synthetic agonist for PPARγ, also induced a significant decrease in
proliferation, reaching 35% inhibition at 25 μM dose and that
further increased to 77% inhibition (Pb.001) in combination with
25 μM lycopene (Fig. 2F). These results suggest that lycopene
potentiates the anti-proliferative effects of PPARγ agonists in
prostate cancer.
lls were cultured in RPMI medium in 12 well plates with different chemotherapeutic
ned with Annexin V Fluos and propidium iodide after washing. Samples were acquired
ptotic cells (D) were determined. The experiment was repeated three times, values are

image of Fig.�4
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3.4. Lycopene modulates cell cycle progression in prostate cancer

In order todetermine themechanismbywhich lycopene inhibits the
proliferation of prostate cancer cells we studied its influence on cell
cycle progression. As shown in Fig. 3, treatment of PC-3 cellswith 25 μM
lycopene induced significant changes in the distribution of G0/G1, S and
G2/Mphase of cell cycle in the absenceor presence of chemotherapeutic
agents. We found that PC-3 cells cultured in the presence of lycopene
showed a marked decrease in G2/M phase cells in association with an
increase in G0/G1 and S phase without any change in debris compared
to control (Fig. 3A). On the other hand, PC-3 cells cultured with
Doxorubicin showed88% debris that increased to 93% in the presence of
lycopene. Moreover, PC-3 cells cultured with Taxol showed 26% debris
that increased to 33% in combination with lycopene. However, neither
Doxorubicin nor Taxol induced any significant changes in the cell cycle
progression of PC-3 cells in the absence or presence of lycopene. On the
Fig. 5. Effect of lycopene on chemotherapeutic agent induced apoptosis in PC-3 cells. PC-3 cell
absence (A) or presence of Lycopene (B). Cells were collected after 48 h and stained with Ann
cytometer and analyzed using FlowJo 8.4.2 software. Total dead cells (C) and apoptotic cells (
*Pb.05, **Pb.01, ***Pb.001 compared to drug alone.
other hand, Temezolomide showed a marked increase in G0/G1 arrest
(70%) compared to control (45%) (Fig. 3A). In addition, PC-3 cells
culturedwith 25 μMPPARγ agonists showed an increase inG0/G1 and a
decrease in G2/M phase (Fig. 3B). Interestingly, combination treatment
with 25 μMlycopene led to a dramatic increase in debris in combination
with 15d-PGJ2 and Pioglitazone, but not Ciglitazone. These results
suggest that the chemotherapeutic agents and PPARγ agonists induce
marked changes in cell cycle progression, but the induction of cell cycle
arrest is not themechanismbywhich lycopene exerts anti-cancer effect
in prostate cancer.

3.5. Lycopene augments chemotherapeutic agent induced apoptosis in
prostate cancer

To further understand the anti-cancer property of lycopene, we
studied its effect on apoptosis in combination with chemotherapeutic
s were cultured in RPMI medium in 12-well plates with different PPARγ agonists in the
exin V Fluos and propidium iodide after washing. Samples were acquired using a flow
D) were determined. The experiment was repeated three times, values are mean±S.D.,

image of Fig.�5
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agents in prostate cancer. As shown in Fig. 4, PC-3 cells cultured with
25 μM lycopene showed no significant increase in apoptosis
compared to control. Interestingly, treatment with Doxorubicin,
Taxol and Temezolomide induced 54%, 16%, and 8% Annexin positive
apoptotic cells that increased to 63%, 22% and 16% (Pb.001) in
combination with lycopene, respectively (Fig. 4A and B). In addition,
PC-3 cells treatedwith Doxorubicin, Taxol and Temezolomide showed
67%, 45% and 14% dead cells (apoptosis+necrosis) that increased to
87% (Pb.05), 85% (Pb.01) and 29% (Pb.01) in combination with
lycopene, respectively (Fig. 4C). These results indicate that lycopene
modulates drug-induced apoptosis in prostate cancer.
3.6. Lycopene modulates PPARγ induced apoptosis in prostate cancer

To further determine the anti-cancer property of lycopene, we
studied its effect on apoptosis in combination with PPARγ agonists in
prostate cancer. As shown in Fig. 5,we found that the PC-3 cells cultured
with 25 μM 15d-PGJ2, ciglitazone and pioglitazone showed 15%, 11%
and 5% apoptosis that increased to 22% (Pb.05), 19% (Pb.001) and 11%
Table 1
Prostate cancer biomarker gene array map

RPS27A RPS27A AGR2 AGTR2 AIG1 AKAP1 AK
1.6 1.3 0.9 0 D-ND 0.3 0.

RPS27A
1.8

AR
D-ND

BAK1
1.6

BAX
0.8

BCL2
0.65

BCL2L1
0.6

BM
0

CAV1
1.65

CCND1
2.0

CD164
0.92

CD44
0.7

CDH1
0.33

CDH10
D-ND

CD
D

CDH8
0

CDH9
0

CDK2
0.9

CDK3
0

CDK4
1.06

CDK5
0.6

CD
0

CDKN1C
1.05

CDKN2A
0.94

CDKN2B
1.0

CDKN2C
1.04

CDKN3
1.01

CHGA
0

CH
0

CYB5
0.91

CYC1
1.43

DAB2IP
0.85

DAPK1
0

DES
0

DNCL1
1.1

E2
1.

ENO1
1.53

ENO2
1.2

ENO3
1.22

ERBB2
1.3

ERK8
0

ESR1
0.83

ES
0

FGF11
0

FGF12
0

FGF13
0

FGF14
D-ND

FGF16
0

FGF17
D-ND

FG
0

FGF23
0

FGF3
D-ND

FGF4
0

FGF5
0

FGF6
D-ND

FGF7
0

FG
0

GAGEB1
0

GAGEC1
0

GGT1
0

GNRH1
0

GRP
0

GSTP1
0.94

H
0.

IGF1
0

IGF1R
0.52

IGF2
1.05

IGFBP3
1.07

IGFBP6
0.94

IL12A
1.2

IL
0.

INHA
0.3

INSL3
0.9

INSL4
0.83

ITGA1
0

JUN
1.5

K6HF
1.05

KA
0.

KLK14
0.9

KLK15
0

KLK2
1.11

KLK3
0

KLK4
0

KLK5
0.72

KL
D

MAP2K4
1.2

MAP3K1
0

MAPK1
1.02

MAPK10
0

MAPK11
0

MAPK12
D-ND

M
0.

MAPK8
1.23

MAPK9
1.42

MIB1
D-ND

MMP2
1.8

MMP9
D-ND

MSMB
0

M
D

NOX5
0.8

NROB1
0

NROB2
0

NR1D1
D-ND

NR1D2
0

NR1H2
0.44

N
1.

NR2E1
0

NR2E3
1.2

NR2F1
1.6

NR2F2
0

NR2F6
1.2

NR3C1
0.7

N
0

NR6A1
0

NTN4
0.8

ODZ1
0

PALM2
D-ND

PAP
D-ND

PART1
0

PA
0

PIAS2
0.41

PIK3CG
1.6

PLAU
1.6

PLG
0

PPID
0.83

TMEM37
1.1

PR
0

PRKCI
D-ND

PRKD3
1.44

PRKCQ
0.6

PRKCZ
0.6

PRKD1
0

PRKD2
D-ND

PR
0

RB1
1.6

RNASEL
0.9

RNF14
0.55

ROBO2
0

SERPINA3
0

SHBG
D-ND

SL
0

HSPCB
1.9

STEAP
1.75

STEAP2
1.3

TGFA
1.23

TGFB1
1.23

TGFB1I1
0.09

TG
0.

B2M
1.6

BLANK
0

BLANK
0

TNFSF10
0

TP53
D-ND

TPM1
0.2

TM
0.

B2M
1.74

B2M
2.62

ACTB
2.5

TRPC6
0

TRPS1
0

TYK2
0

VE
0

Table depicts the symbols of prostate cancer biomarker genes included in the Superarray. Num
to control, as measured by densitometry (0, not detected, 1, no change; D-ND, detected to no
(Pb.01) in combination with lycopene (Fig. 5 A and B). Moreover, PC-3
cells treated with 25 μM 15d-PGJ2, Ciglitazone and Pioglitazone also
showed 20%, 14% and 14% Annexin and PI positive dead cells that
changed to 30% (Pb.05), 26% (Pb.01) and 13% in combination with
lycopene (Fig. 5C). These results indicate that lycopene augments
PPARγ agonist-induced apoptosis in prostate cancer.
3.7. Lycopene alters the expression of biomarker genes in prostate cancer

To further understand the molecular mechanism by which
lycopene attenuates prostate cancer, we used Superarray to detect
the expression of 263 prostate cancer biomarker genes in PC-3 cells.
This array consists of 288 spots that also include other housekeeping
genes (Table 1). As shown in Fig. 6, microarray analysis demonstrated
that in vitro treatment with 25 μM lycopene resulted in significant
alterations in the expression of several biomarker genes in PC-3 cells
compared to control. Among the 288 spots examined, we found
detectable expression of only 182 with the remaining 106 were
undetected in either medium or lycopene treated PC-3 cells (Fig. 6,
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bers represent fold change in gene expression of lycopene treated PC-3 cells compared
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Table 1). After normalizing the 182 data points to GAPDH as an
internal control, we found an increase in the expression of 56 genes
(↑), decrease in 78 genes (↓), decrease to undetectable level in 41
genes (D-ND) and 7 unchanged genes in lycopene treated PC-3 cells
compared to medium control. Among the 56 up-regulated genes, 3
showed ≥2-fold increase, 19 showed 1.5–1.9-fold increase and 34
genes showed 1–1.4 fold increase following treatment with lycopene.
Moreover, among the 78 down-regulated genes, three
showed ≤0.09-fold decrease, 20 showed 0.1–0.49-fold decrease and
55 genes showed 0.5–0.99-fold decrease in lycopene treated cells
compared to control (Table 1, Fig. 8A).

As shown in Fig. 7, further analyses showed significant alterations
in the expression of many prostate cancer biomarker genes by
lycopene in culture. Spot densitometry analysis of themicroarray data
plotted as heat map (Fig. 7A) demonstrates alterations in gene
expression in lycopene treated cells compared to untreated control.
Similarly, scatter plot analysis (Fig. 7B) shows the fold changes in
lycopene treated PC-3 cells, compared to control with dots above 1
indicating increase in expression, while dots below 1 represent
inhibition. Moreover, the scatter plot of gene expression level
between control and lycopene treated cells shows an r2value of
0.7834 (Fig. 7C). The genes in the microarray are clustered under
several groups of which we further analyzed apoptosis, cell cycle and
proliferation associated genes in detail. As shown in Fig. 7D, we found
that the median gene expression of inducers of apoptosis and
caspases were decreased in lycopene treated cells compared to
control, whereas the inhibitors and other regulators of apoptosis were
increased in lycopene treated cells. Among the cell cycle family of
genes the checkpoint, inhibitor and regulator genes showed increased
expression following lycopene treatment (Fig. 7E). Interestingly, of
the proliferation associated genes the inhibitors of proliferation
showed a marked increase in expression in lycopene treated cells,
Fig. 6. Effect of lycopene on prostate cancer biomarker genes. PC-3 cells were cultured in the a
Superarray with 288 spots containing 263 prostate cancer biomarkers and other housekeepin
visualized by exposing to X-ray films. Arrows indicate selected biomarker genes. The figure i
with no significant difference in cytokines, growth factors and
inducers of proliferation when compared to control (Fig. 7F). These
results suggest that lycopene alters the expression of growth and
survival associated biomarker genes in prostate cancer.

3.8. Lycopene inhibits the expression of growth and survival-associated
genes in prostate cancer

Further analyses of microarray data revealed that in vitro
treatment with lycopene resulted in significant decreased in the
expression of eight selected growth and survival associated genes in
PC-3 cells. These genes are BCL-2, BCL2L1, BRCA1, CDK-7, CDK-9,
EGFR, IGF1R, TGFβ-2, which showed 35%, 40%, 26%, 29%, 100%, 60%,
48% and 83% inhibition, respectively, after treatment of PC-3 cells
with lycopene compared to control (Fig. 8B). Further analyses by qRT-
PCR showed 30%, 50%, 34%, 56%, 72%, 61% and 44% decrease in BCL-2,
BCL2L1, BRCA1, CDK-7, CDK-9, EGFR, IGF1R, TGFβ-2 expression,
respectively, in PC-3 cells treated with lycopene compared to control
(Fig. 8C). These results further confirm that lycopene inhibits the
expression of growth and survival-associated biomarker genes in
prostate cancer.

4. Discussion

Plant-derived dietary carotenoids are known to exert beneficial
effects on metabolism, cancer and cardiovascular diseases [2].
Lycopene is a carotenoid pigment not synthesized in the body but
primarily consumed through food containing tomatoes and tomato
products such as tomato sauce; tomato paste and ketchup; and
relatively smaller amounts from dried apricots, watermelon and pink
grapefruit [1,2,18]. Clinical studies have observed that the dietary
consumption of lycopene from fruits and vegetables reduces the risk
bsence or presence 25 μM lycopene for 18 hrs and gene expression was analyzed using
g genes. The arrays were developed using a chemiluminescence detection system and
s a representative of three independent experiments.

image of Fig.�6


Fig. 7. Analysis of lycopene regulated prostate cancer biomarker genes. The gene expression profiles of super array blots were quantified using FluorChemHD2 software. Heat map was
constructed using Excel (A), scatter plots (B, C) and box plots (D, E, F) were generated using GraphPad Prizm 5.0 software. Legends show medium control (Con) and 25 μM Lycopene
(Lyc) in the figure.
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of prostate cancer [12–14]. In addition laboratory experiments
showed significant changes in the growth pattern of lycopene treated
prostate cancer cells in culture and in animal models [17,18]. While
some studies showed significant and dose-dependent inhibition of
proliferation by lycopene, others demonstrated partial decrease,
partial increase or no effect on prostate cancer [6,34–36]. Moreover,
the mechanism by which lycopene attenuates prostate cancer is not
fully defined.

In this study we found that lycopene induces a biphasic effect on
prostate cancer cells with an initial increase in proliferation at lower
dose followed by a moderate decrease at high dose. Doxorubicin and
Taxol are two important clinically available chemotherapeutic
agents in the treatment of prostate cancer, but they produce only
modest beneficial effects with many side effects [22,37]. Therefore
we examined the potentiating effect of lycopene on these drugs for
the treatment of prostate cancer. We found that both Doxorubicin
and Taxol induced a dose-dependent decrease in the proliferation of
PC-3 cells in culture. Interestingly, combination treatment with
lycopene resulted in a significant improvement in the anti-tumor
effect of Doxorubicin and Taxol at lower doses. Further analyses
revealed that lycopene also augments drug-induced apoptosis
without affecting cell cycle. These findings indicate the use of
lycopene to potentiate the effect of chemotherapeutic agents on
prostate cancer.

image of Fig.�7


Fig. 8. Effect of lycopene on growth and survival associated genes in prostate cancer. (A) Pie chart analysis showing differential regulation of biomarker genes by lycopene in prostate
cancer. Inhibition of growth and survival-associated genes by lycopene in prostate cancer, as determined by microarray (B) and qRT-PCR (C) analysis are shown.
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Temozolomide is a DNA alkylating agent that has been used to
treat glioma, either alone or in conjunction with irradiation, but not
for prostate cancer. We found that Temozolomide has no anti-
proliferative effect on PC-3 cells in culture. Interestingly in the
presence of lycopene, Temozolomide induced a dose-dependent
decrease in the proliferation in prostate cancer. Lycopene in
combination with Temozolomide also induced cell cycle-arrest and
apoptosis in prostate cancer cells. Previous studies have reported that
PI3K/AKT and ERK1/2 survival pathways are constitutively active in
glioma [38]. Although the exact mechanism is not know, earlier
reports on the regulation of p53/MDMT pathway by lycopene and
Temozolomide in glioma suggest that lycopene could regulate this
pathway to sensitize prostate cancer cells to Temozolomide [25].

PPARγ is a nuclear receptor transcription factor that regulates
growth and differentiation of many cell types. PPARγmodulates lipid
metabolism and glucose homeostasis and selective PPARγ agonists
have been used as prescription drugs for type 2 diabetes. Earlier
studies have also shown that PPARγ agonists exert anti-tumor effects
in many tumors including prostate cancer [28–32]. We demonstrated
earlier that PPARγ agonists inhibit the growth and expansion of brain
tumor stem cells by modulating stemness and differentiation genes in
glioma [28,29]. In this study we found that PPARγ agonists 15d-PGJ2,
Ciglitazone and Pioglitazone induced a dose-dependent decrease in
proliferation of PC-3 cells. Interestingly, lycopene improved the anti-
proliferative effect of PPARγ agonists on prostate cancer cells.
Moreover, in vitro treatment with lycopene also increased cell
cycle-arrest and apoptosis induced by PPARγ agonists on prostate
cancer cells. Thus our findings suggest that lycopene could be useful
in potentiating the therapeutic effect of PPARγ agonists for prostate
cancer. Although the mechanisms are not known, recent reports on
the ability of lycopene to up-regulate and interact with PPARγ suggest
an association between lycopene and PPARγ pathway in modulating
prostate cancer [33].

Earlier studies have used microarray to identify new therapeutic
targets in the treatment of prostate cancer [39]. In order to
determine the molecular mechanisms in the regulation of prostate
cancer by lycopene in this study we use a prostate cancer biomarker
gene array approach. Our results showed that in vitro treatment
with lycopene induced considerable changes in the expression of
many biomarker genes in PC-3 cells. Interestingly there are different
functional gene clusters that are increased, decreased, unchanged or
not expressed, suggesting complex mechanisms in the regulation of
prostate cancer by lycopene. In particular, we found a marked
increase in the inhibitors of proliferation, cell cycle regulators and
check point genes as well as regulators of apoptosis after treatment
with lycopene, suggesting their significance to the attenuation of
prostate cancer.

Further analyses by qRT-PCR confirmed our microarray data that
8 growth and survival associated biomarker genes were consistently
down-regulated by lycopene in prostate cancer. In particular,
lycopene inhibits the expression of growth-associated genes such as
EGFR, IGF1R and TGFβ-2 that are known to promote the survival,
progression and metastasis of androgen-independent prostate cancer
[40–44]. Similarly, lycopene inhibits the expression of CDK-7 and
CDK-9 that can affect prostate cancer cell growth and expansion [45].
Moreover, lycopene inhibits the expression of BCL-2 that can
influence the survival and apoptosis of prostate cancer [46,47].
Taken together, in this study we have demonstrated that lycopene
attenuates prostate cancer by modulating the expression of growth
and survival associated genes.
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