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We present here first time that Plumbagin (PL), a medicinal plant-derived 1,4-
naphthoquinone, inhibits the growth and metastasis of human prostate cancer (PCa) cells
in an orthotopic xenograft mouse model. In this study, human PCa PC-3M-luciferase cells
(2 x 10°) were injected into the prostate of athymic nude mice. Three days post cell implan-
tation, mice were treated with PL (2 mg/kg body wt. i.p. five days in a week) for 8 weeks.
Growth and metastasis of PC-3M-luciferase cells was examined weekly by biolumines-
cence imaging of live mice. PL-treatment significantly (p = 0.0008) inhibited the growth
of orthotopic xenograft tumors. Results demonstrated a significant inhibition of metastasis
into liver ( p = 0.037), but inhibition of metastasis into the lungs (p = 0.60) and lymph nodes
(p = 0.27) was not observed to be significant. These results were further confirmed by his-
topathology of these organs. Results of histopathology demonstrated a significant inhibi-
tion of metastasis into lymph nodes (p = 0.034) and lungs (p = 0.028), and a trend to
significance in liver (p = 0.075). None of the mice in the PL-treatment group showed PCa
metastasis into the liver, but these mice had small metastasis foci into the lymph nodes
and lungs. However, control mice had large metastatic foci into the lymph nodes, lungs,
and liver. PL-caused inhibition of the growth and metastasis of PC-3M cells accompanies
inhibition of the expression of: 1) PKCe, pStat3Tyr705, and pStat3Ser727, 2) Stat3

Abbreviations: PL, plumbagin; PCa, prostate cancer; PKCe, protein kinase C epsilon; Stat3, signal transducers and activators of

transcription 3.
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downstream target genes (survivin and Bcly), 3) proliferative markers Ki-67 and PCNA, 4)
metastatic marker MMP9, MMP2, and uPA, and 5) angiogenesis markers CD31 and VEGF.
Taken together, these results suggest that PL inhibits tumor growth and metastasis of hu-
man PCa PC3-M-luciferase cells, which could be used as a therapeutic agent for the preven-
tion and treatment of human PCa.

Published by Elsevier B.V. on behalf of Federation of European Biochemical Societies.

1. Introduction

Prostate cancer (PCa) continues to remain the most common
cancer and the second leading cause of cancer-related deaths
in American men. The American Cancer Society has predicted
that a total of 241,740 new cases of PCa will be diagnosed and
28,170 deaths will occur from it in the United States alone in
the year of 2012 (Siegel et al., 2012). Although PCa is frequently
curable in its early stage by surgical or radiation therapy,
many patients present locally advanced or metastatic disease
for which there are currently no curative treatment option
(Albertsen, 2008; So et al., 2005). Therefore, there is an urgent
need for agents, which are effective and selective, in the pre-
vention and/or treatment of PCa metastasis.

PL is a quinoid (5-hydroxy-2-methyl-1,4-napthoquinone)
constituent isolated from the roots of the medicinal plant
Plumbago zeylanica L. (also known as Chitrak) (Sandur et al.,
2006). PL has also been found in Juglans regia (English Walnut),
Juglans cinerea (butternut and white walnut) and Juglans nigra
(blacknut) (Sandur et al., 2006). The root of P. zeylanica has
been used in traditional Indian and Chinese systems of med-
icine for more than 2500 years for the treatment of various
types of ailments (Sandur et al., 2006). PL has been shown
for its potential health benefits including neuroprotective
(Son et al., 2010) and anti-cancer property against various
types of cancers (Padhye et al., 2012 and references therein).
PL, fed in the diet (200 ppm), inhibits azoxymethane-induced
intestinal tumors in rats (Courboulin et al., 2012). PL inhibits
ectopic growth of human breast cancer (Sugie et al., 1998),
non-small cell lung cancer (Hsu et al, 2006), melanoma
(Wang et al., 2008), and ovarian (Sinha et al., 2012) cells in
athymic nude mice. We have shown that PL inhibits ultravio-
let radiation-induced development of squamous cell carcino-
mas (Ravindra et al., 2009). We including others have also
reported its apoptosis inducing and growth inhibitory effects
against pancreatic cancer (Hafeez et al.,, 2012a; Lai et al,
2012) and PCa (Aziz et al., 2007a; Gomathinayagam et al.,
2008; Powolny and Singh, 2008) cells. Recently, we have re-
ported that PL inhibits prostate tumor growth in transgenic
adenocarcinoma of mouse prostate (TRAMP) mice (Hafeez
et al.,, 2012b). However, no study has demonstrated anti-
metastasis potential of PL against human PCa. We present in
this communication, for the first time, that PL administration
inhibits metastatic growth of human PCa PC-3M-luciferase
cells in an orthotopic xenograft mouse model. PL-caused inhi-
bition of the growth and metastasis of PC-3M-luciferase cells
accompanies inhibition of the expression of PKCe, pStat3-
Tyr705, and pStat3Ser727, Stat3 downstream target genes
(survivin and Bcly), proliferative markers (Ki-67 and PCNA),
metastatic markers (MMP2, MMP9 and uPA), angiogenesis
markers (CD31 and VEGF) and induction of iNOS expression.

2. Materials and methods
2.1. Antibodies

Monoclonal or polyclonal antibodies specific for actin, CD31,
E-Cadherin, iNOS, Ki-67, MMP9, MMP2, PKCe, PCNA, survivin,
total Stat3, uPA, and VEGF were purchased from Santa Cruz
Biotechnology, (Santa Cruz, CA). Monoclonal antibodies spe-
cific for pStat3Tyr705, and pStat3Ser727 were obtained from
BD Biosciences (San Jose, CA). PL (Practical grade, purity:
99.80% HPLC, molecular weight: 188.18) was purchased from
Sigma—Aldrich (St. Louis, MO).

2.2. Orthotopic xenograft

PC-3M-luciferase cells were obtained from Caliper Life Sci-
ences (Hopkinton, MA). Six weeks old male athymic nude
mice, purchased from Harlan Laboratory (Madison, WI),
were housed under pathogen-free environment with a 12 h
light/12 h dark schedule and fed with an autoclaved diet and
water ad libitum. To establish orthotopic xenografts in mice,
PC-3M-luciferase cells (2.0 x 10°) were suspended in 20 ul of
HBSS media and directly implanted into the anterior lobe of
the prostate. Three days later, 16 mice were randomly divided
into two groups. One group of mice (n = 8) was treated with an
i.p. injection of PL (2 mg/kg body weight in 0.1 ml PBS, once
a day and 5 days per week for 8 weeks). Control mice (n = 8)
were treated the same with vehicle (0.1 ml PBS). The mice
were maintained at the AAALAC-accredited Animal Resources
Facility of the University of Wisconsin. All of the protocols
were approved by the University’s Research Animal Resources
Committee in accordance with the NIH Guideline for the Care
and Use of Laboratory Mice.

2.3. Bioluminescence imaging

Mice of both the groups were imaged weekly using an IVIS
Spectrum scanner (formerly Caliper Life Sciences now Perki-
nElmer, Waltham, MA). In brief, 200 pl of substrate p-luciferin
(3.0 mg) in PBS was injected i.p. in each mouse at 10 min prior
to imaging. Images were quantified and normalized by using
vendor software (Living Image® 4.0). Regions-of-interest
(ROI) of the same size and shape were used for all mice
throughout the study. The bioluminescence images were
quantified by measuring the total photons over the prostate
region and the average photon flux within the ROI were pre-
sented as photons/second/cm?/sr (sr denotes steradian). To
determine the metastasis into the distant organs, entire ex-
cised organs (liver, lymph nodes, lungs, and bone) were kept
in 6-well plates, imaged and quantified as described above.
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2.4. Histopathological examination

Prostate tumors, lungs, liver, and lymph nodes from both of
the groups were excised and processed for histology as de-
scribed previously (Aziz et al., 2007a). Dr. Weixiong Zhong,
a certified pathologist in the Department of Pathology, Univer-
sity of Wisconsin School of Medicine and Public Health, exam-
ined all of the tissue slides.

2.5. Western blot analysis

Part of the excised prostate tumor tissues from each group
mice were used to prepared whole tissue lysates. In brief,
prostate tissues were homogenized in lysis buffer [50 mmol/
LHEPES, 150 mmol/L NaCl, 10% glycerol, 1% Triton X-100,
1.5 mmol/LMgCl,, 10 pug/mL aprotinin, 10 pg/mL leupeptin,
1 mmol/L phenylmethylsulfonyl fluoride (PMSF), 200 umol/L
Na3VOy, 200 umol/L NaF, and 1 mmol/L EGTA (final pH 7.5)].
The homogenates were centrifuged at 14,000 x g for 30 min
at 4 °C. Supernatants were collected and stored at —80 °C until
further use. Protein concentration was estimated by using Bio-
Rad protein assay kit as per the manufacturer’s protocol. Fifty
micrograms of cell lysate were fractionated on 10—15% Crite-
rion precast SDS-polyacrylamide gels (Bio-Rad Laboratories,
Hercules CA). The fractionated proteins were transferred to
0.45 pm Hybond-P polyvinylidene difluoride (PVDF) transfer
membrane (Amersham Life Sciences, Piscataway NJ). The
membrane was then incubated with the specific antibody fol-
lowed by the appropriate horseradish peroxidase-conjugated
secondary antibody (Thermo Scientific, Pittsburgh, PA), and
the detection signal was developed with Amersham’s en-
hanced chemiluminescence reagent and using FOTO/Analyst
Luminary Work Station (Fotodyne Inc., Hartland, WI). The
Western blots were quantified by densitometric analysis using
Total lab Nonlinear Dynamic Image analysis software (Nonlin-
ear USA, Inc., Durham, NC).

2.6. Immunohistochemistry

To determine the expression of CD31, E-cadherin, Ki-67, and
PCNA proteins in excised orthotopic xenograft tumors of con-
trol and PL-treated mice, we performed immunohistochemis-
try in paraffin embedded sections (4 pm thickness). In brief,
sections were deparaffinized by placing the slides at 60 °C
for 2 h followed by 3 changes of Xylene for 10 min each. Slides
were placed in 0.3% methanol/Hydrogen peroxide for 20 min
for quenching endogenous peroxidase. Slides were rehy-
drated in one change of absolute, 95%, 75%, and 50% ethanol
and distilled water. Antigen retrieval was performed by incu-
bating samples at 116 °C for 15 s in the declocking chamber by
using a Tris—urea solution (pH 9.5). After antigen retrieval, tis-
sues slides were incubated with 2.5% normal horse serum
(R.T.U. Vectastain Universal Elite ABC Kit, Vector Laboratories,
Burlingame, CA) for 20 min to block non-specific binding of the
antibodies. Subsequently, the slides were incubated over
night with a mixture of E-cadherin (1:50), Ki-67 (1:50) and
PCNA (1:50) dilution in normal antibody diluents (Scy Tek #
ABB-125, Logan, UT) in a humidified chamber. Specificity of
immunostaining of these proteins was confirmed by using
IgG antibody (served as a negative control). The mixture of

antibodies was decanted and the slides were washed thrice
in TBS (pH7.4). The slides were incubated with appropriate
secondary antibodies for 30 min at room temperature. Slides
were rinsed with TBS for 5 min and ABC reagent (Vector kit)
was applied for 30 min. Immunoreactive complexes were
detected using DAB substrate (Thermo Scientific, Pittsburgh,
PA), and counter stained by using hematoxylin (Fischer Scien-
tific, Pittsburgh, PA) for nuclear staining. Finally, slides were
mounted with a cover slip by using mounting medium. All
sections were visualized under a Zeiss-Axiophot DM HT mi-
croscope and images captured with an attached camera.

2.7. Immunofluorescence

Paraffin-fixed orthotopic xenograft tumors tissue sections (4-
pm thick) from control and PL-treated mice were used to de-
termine the expression of VEGF. After antigen retrieval by in-
cubating samples at 95 °C in Tris—urea solution (pH 9.5) for
30 min, the tissue slides were incubated with normal horse se-
rum (1:10 dilution) for 30 min to block nonspecific binding of
the antibodies. Subsequently, the slides were incubated over-
night with VEGF (1:50 dilution) primary antibody in a humidi-
fied chamber. The mixture of antibodies was decanted and the
slides were washed thrice in 1x TBS (pH 7.4). The slides were
incubated with FITC-labeled secondary antibody for 1 h at
room temperature in the dark. The solution of secondary an-
tibody was decanted and the slides were washed thrice with
TBS for 5 min intervals each in the dark. Finally, the speci-
mens were mounted with coverslips using a drop of mounting
medium containing DAPI (Vector Lab, Inc., Burlingame, CA).
Similar procedure was followed to determine the effect of PL
on CD31 expression. All sections were examined with an
Olympus Microscope attached with fluorescence detector.

2.8.  Statistical analysis

Bioluminescence values for the primary tumor were recorded
weekly for 8 weeks beginning three days after the start of
treatment. Bioluminescence imaging was also performed on
excised liver, lungs and lymph nodes at the end of the study.
The normality of the bioluminescence imaging data was
assessed; log-transformed values were found to conform to
normality assumptions better than raw values and subse-
quent analyses used log-transformed measures. Differences
between treatment arms for ordered categorical data such
as histopathological analysis were tested using the Wilcoxon
rank-sum test. Differences between the two treatment arms
for continuous data were tested using the Wilcoxon rank-
sum test or Student’s t-test on the transformed data as appro-
priate. Mixed-effects models for repeated measures of the log-
transformed bioluminescence data were built using the SAS
procedure GLIMMIX, using an autoregressive covariance
structure, which was chosen for these models using Akaike’s
Information Criteria. Computations were performed with SAS
(1A) and R (2A) software; figures were created with R software.
(Version 9.2 of the SAS System for [Unix]. Copyright®
2002—2008 SAS Institute Inc. SAS and all other SAS Institute
Inc. product or service names are registered trademarks or
trademarks of SAS Institute Inc., Cary, NC, USA)(Core
Development Team, 2011).
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3. Results

3.1. PL-treatment inhibits growth and metastasis of PC-
3M-luciferase cells orthotopic xenograft tumors in athymic
nude mice

To precisely monitor the effects of PL on the growth and me-
tastasis of PC-3M-luciferase cells in live mice, cells were
implanted into the mouse prostate. In this experiment, six-
teen mice were used. Three days after PC-3M cell implanta-
tion, mice were randomly divided into two groups. One
group of mice received PL-treatment (2 mg/kg body weight
i.p. once a day and five days a week) and the other group of
mice received only the vehicle (0.1 ml of PBS). Treatment
was given upto 8 weeks and was stopped 24 h before sacrific-
ing these mice. No apparent toxicity was observed in any of
the PL-treated mouse as we observed time dependent increase
in the body weight (supplementary Figure 1). Orthotopic
growth of prostate tumors of both the groups was monitored
weekly by bioluminescence imaging of live mice. The biolumi-
nescence imaging results indicated a significant (p = 0.0008)

decrease in the prostate tumor volume of PL-treated mice
compared to vehicle treated mice (Figure 1A—B). The differ-
ences in the prostate tumor volume was significant shortly af-
ter the beginning of treatment; significant or near significant
differences were observed at weeks 1 (p = 0.0031), 2
(p = 0.0004), 7 (p = 0.058), and 8 (p = 0.027) (Figure 1B). At 8
week, we euthanized all of the mice; their orthotopic xeno-
graft tumors were excised, imaged, and weighed. PL-
treatment showed a significant ( p = 0.006) decrease in the bio-
luminescence signal intensity (Figure 1C) and tumor weight
(p=0.006) (Figure 1D) compared to control mice. These results
were in concordance with the findings from bioluminescence
imaging of live mice (Figure 1A—B).

To determine the effects of PL-treatment on PCa metasta-
sis, we excised distant organs (liver, lungs, lymph nodes,
and bones) of both the groups’ mice and imaged. All of the
mice from the control group showed high incidence of metas-
tasis into distant organs, which was reduced in PL-treated
mice. As shown in Figure 2, increased bioluminescence signal
intensity was observed in the liver (Figure 2Ai, B), lungs
(Figure 2Aiii, B), and lymph nodes (Figure 2Av, C) of control
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Figure 1 — Effects of PL-treatment on PC-3M-luciferase cell-derived orthotopic xenograft tumors in athymic nude mice. A and B: Luciferase
labeled PC-3M cells (2 X 10°) were orthotopically implanted in athymic nude mice. PL (2 mg/kg body weight) and vehicle treatment was started 3

days post-implantation. There were eight mice per group. Bioluminescence imaging of live mice was performed at the indicated weeks as described

in the Methods section. Shown are two representative images of the anesthetized mice from control (Ai) and PL-treated (Aii) groups. All images

were displayed at the same scale. B. The bioluminescence values (photons/sec/cm?/st) of the prostate region were quantified for each group of mice

and mean values + SE are plotted over time. C. Mice from both groups were sacrificed at 8 week, their prostates were excised and imaged

immediately. Bar graph represents the bioluminescence values (photons/sec/cm®/sr) of the excised prostates from control and PL-treated mice. D.

Bar graph represents prostate tumor weights of control and PL-treated mice. Each value in the graph is the mean * SE from eight mice. *p < 0.05

was considered as significant.
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Figure 2 — Effect of PL-treatment on metastatic growth of PC-3M-luciferase cell-derived tumors in athymic nude mice. At 8 week, livers, lungs,

lymph nodes and bone from both vehicle and PL-treated mice were excised and imaged. A: Representative bioluminescence images of excised livers

(Ai—ii), lungs (Aiii—iv), lymph nodes (Av—vi), and bone (Avii—viii) from vehicle (» = 8) and PL-treated (» = 8) mice. The bioluminescence

images of the excised liver, lungs (B) and lymph nodes (C) and bone were quantified for each group of mice. Each value in the graph (B and C) is

the mean + SE from eight mice.

mice, which was significantly decreased in the excised liver
(p = 0.037) (Figure 2Aii, B), but not significantly decreased in
lungs (p = 0.60) (Figure 2Aiv, B) and lymph nodes (p = 0.27)
(Figure 2Avi, C) of PL-treated mice. None of the mice from
the control or PL-treatment group showed metastasis into
the bones (Figure 2Avii—viii).

We further performed histopathological analysis of ex-
cised orthotopic tumors, liver, lungs, and lymph nodes of
both groups’ mice. Histopathological examination of excised
orthotopic tumors from both groups confirmed their growth
in the mouse prostate (Figure 3Ai, Bi). Histopathological find-
ings of lungs, liver and lymph nodes of both groups of mice
are summarized in Figure 4. We observed a significant de-
crease of PCa metastasis into the lungs (p 0.028)
(Figure 4A), lymph nodes ( p = 0.034) (Figure 4B), and a trend to-
ward significance for liver ( p = 0.075) (Figure 4C) in PL-treated
mice compared to control. A total of 87.5% of the control mice
showed lungs metastasis (Figure 3Aii and 4A). Fifty percent of
the control mice had multiple metastatic foci into the lungs,
while 37% mice showed scattered single cells or small groups
of cells metastasized into the lungs (Figure 3Aii and 4A). None
of the PL-treated mice showed multiple metastatic foci into
the lungs (Figure 3Bii) and only 50% had scattered single met-
astatic cells or small groups of metastatic cells (Figure 4A). PL-
treatment also inhibited PCa metastasis into lymph nodes
compared to control group mice. All of the control mice
showed lymph node metastasis (Figure 3iii and 4B). Among
them 60% showed multiple metastatic foci and 40% had scat-
tered small groups of metastases (Figure 4B). However, 75% of

PL-treated mice showed lymph nodes metastasis (Figure 4B)
but these metastatic cells were observed as scattered cells or
small cell groups (Figure 3Biii). None of the mice in PL-
treated groups showed metastasis into the liver
(Figure 3Biv), while 40% of the control mice showed liver me-
tastasis (Figure 3Aiv).

3.2. PL-treatment inhibits PKCe and phosphorylated
Stat3 expression in orthotopic prostate tumors

We have previously reported that expression level of PKCe and
Stat3 correlates with human PCa aggressiveness (Aziz et al.,
2007a). Results from the experiments, involving reciprocal im-
munoprecipitation and pull-down assays using recombinant
PKCe and Stat3, indicate that PKCe mediates Stat3Ser727 phos-
phorylation essential for both Stat3 DNA-binding and tran-
scriptional activity (Aziz et al., 2007a). We have also reported
that PL preferentially targets PKCe in PCa DU-145 cells both
in vitro and in vivo (Aziz et al., 2008). These finding prompted
us to determine the effect of PL on the expression of PKCe
and Stat3 in PC-3M luciferase cells derived orthotopic xeno-
graft tumors.

PL treatment elicited a significant decrease in the expres-
sion of PKCe in excised orthotopic tumor tissues compared
to control mice (Figure 5Ai—ii). In the same experiment, we
also observed a significant decrease in the phosphorylation
of both Tyr705 and Ser727 residues of Stat3 in excised ortho-
topic tumors of PL-treated group mice compared to control
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Figure 3 — Histopathology of excised prostate tumors, lungs, lymph nodes and liver of control and PL-treated mice. Ai and Bi: Representative

photographs of H&E staining of excised prostates from vehicle treated (Ai) and PL-treated (Bi) mice at 8 week. T represents xenograft tumors

arising from prostate, while green arrows denote to residual mouse prostate glands. Representative H&E staining pictures illustrating distant PCa

metastasis into lungs (Aii) and lymph nodes (Aiii) of control mice. Multiple metastatic tumor foci were observed in these tissues as indicated by red

arrows. PL-treated mice showed fewer tumor foci as shown in representative pictures of lungs (Bii), and lymph nodes (Biii), of PL-treated mice.

Representative H&E staining pictures of control (Aiv) and PL-treated (Biv) animal liver. Control mice showed metastatic tumors in the liver as

denoted by MT (Aiv).

mice (Figure 5Ai—ii). However, no significant effect was ob-
served in the protein levels of total Stat3 (Figure SAi—ii).
Survivin and Bcly; are the downstream target genes of
Stat3, which are involved in cell proliferation and inhibition
of apoptosis respectively (Grandis et al., 2000; Gritsko et al.,
2006). As shown in Figure 5Bi—ii, PL-treatment resulted in
a significant inhibition of survivin and Bcly, expression in
orthotopic xenograft tumor tissues compared to control mice.

3.3.  PL-treatment inhibits the expression of MMP2,
MMP9, uPA, and induces iNOS expression in orthotopic
xenograft tumors

Activation of matrix metalloproteinase (MMPs), urokinase
plasminogen activator (uPA), and angiogenic factors (VEGF
and CD31) are shown to promote PCa metastasis into distant
organs (Aalinkeel et al., 2011; Shariat et al., 2007; Boxler
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et al., 2010). A possibility was explored whether PL-treatment
inhibits the expression of MMP2, MMP9, VEGF and CD31 in ex-
cised orthotopic tumor tissues. Western blot analysis results
indicated a significant decrease in MMP2, MMP9 expression
in prostate tissues of PL-treated mice. (Figure 5Bi—ii). Simi-
larly, PL-treatment resulted in decreased expression of VEGF
(Figure 6Ai—ii) and CD31 (Figure 6Bi—ii). We further confirmed
the expression of CD31 expression by Immunohistochemistry.
Results also demonstrated a decrease expression of CD31 pro-
tein in excised prostate tissues of PL-treated mice
(Figure 6Ci—ii). We further examined the effect of PL on other
metastatic markers (E-Cadherin, uPA, and iNOS) in excised
prostate tissues. Western blot analysis results showed a de-
crease expression of uPA in PL-treated excised prostate tissues
(Figure 6Ei—ii). However, no change was observed in the ex-
pression of E-Cadherin compared to control (Figure 6D). Inter-
estingly, we observed an increased expression of iNOS in all of
the excised prostate tissues of PL-treated mice compared to
control (Figure 6Ei—ii).

3.4. PL-treatment inhibits expression of proliferative
markers (Ki-67 and PCNA) in orthotopic xenograft tumors

Overexpression of PCNA and Ki-67 are considered as prog-
nostic biomarkers for various types of cancers including
PCa (Liu et al., 2011; Zhao et al., 2011). We have shown that
deletion of PKCe in TRAMP mice inhibits the expression of
PCNA in prostate tissues (Hafeez et al., 2011). We analyzed
the effect of PL-treatment on the expression of PCNA and
Ki-67 in excised orthotopic tumors of both the group mice.

Immunohistochemical analysis results showed inhibition
of both PCNA (Figure 6Fi—ii) and Ki67 (Figure 6Gi—ii) expres-
sion in excised tumor tissues of PL-treated mice compared
to control.

4. Discussion

Tumor progression toward metastasis is a multistage pro-
cess in which malignant cells migrate from primary organs
and colonize at distant organs (Nguyen et al., 2009). This me-
tastasis process occurs through various mechanisms, includ-
ing direct invasion of tumor cells into local or distant tissues
by the lymphatic system or neovascularization (Steeg, 2006).
Despite improvements in diagnosis, surgical techniques, and
chemotherapies, most deaths of PCa patients occur due to
disease progression and metastasis. Therefore, there is an
urgent need to identify novel agents that could prevent the
progression and metastasis of PCa. PL is a unique plant-
derived naphthoquinone, isolated from the root of black wal-
nut (Sandur et al., 2006), which has been shown for its poten-
tial health benefits including anti-tumor activity against
various types of cancers (Padhye et al., 2012). We previously
have shown that PL-administration delays ectopic growth
of hormone-refractory PCa cells as well as reduces both tu-
mor weight and volume by 90% (Aziz et al., 2008). Recently,
we have reported chemopreventive effects of PL against
PCa in TRAMP mice (Hafeez et al., 2012b). Here, we tested
the hypothesis that PL has anti-metastasis property against
human PCa.
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Each lane in the blot represents an individual mouse prostate tumor sample. Equal loading of protein was determined by stripping and re-probing
the blots with actin antibody. Ai: Protein levels of PKCe, pStat3Ser727, pStat3Tyr705, and total Stat3. Bi: Protein levels of MMP2, MMP9Y,
survivin and BclyAii—Bii: Quantification of Western blots of Ai and Bi respectively. Blots were quantitated by densitometric analysis using

TotalLab Nonlinear Dynamic Image analysis software.

In this study, we demonstrate anti-tumor growth and
anti-metastatic properties of PL against human PCa. We
have used human PCa PC3-M-luciferase cells to generate an
orthotopic xenograft mouse model, which is an ideal model
to study PCa progression and metastasis (Jenkins et al.,
2003). The unique feature of this model is that a single met-
astatic luciferase labeled cell can be detected in live mice.
Our experiments outcome from bioluminescence imaging
of live mice clearly showed a significant (p = 0.0008) delay
in growth of orthotopic tumors (Figure 1A—B). We also ob-
served a significant (p = 0.006) decrease of orthotopic xeno-
graft tumor weights in PL-treated mice (Figure 1D). These
findings clearly demonstrate that PL treatment inhibits the
progression of PC-3M-luciferase cells derived orthotopic xe-
nograft tumors. In human, Lymph nodes, bones, lungs, and
liver are the most frequent sites of PCa metastasis
(Bubendorf et al., 2000). A recent study has suggested that
liver metastasis predicts poor prognosis of metastasis castra-
tion resistant prostate cancer patients (Kelly et al., 2012). In-
terestingly, our data showed a significant (p = 0.037)
inhibition of PC-3M-luciferase cells metastasis into the liver
as determined by bioluminescence imaging. Histopathology
analysis also showed a trend toward significance
(p = 0.075) compared with control (Figure 2B). Metastasis

trend of PCa cells toward lungs and lymph nodes was not sig-
nificant (Figure 2B—C). This insignificant trend of PCa metas-
tasis into lungs and lymph nodes was because of wide
variance in between the different mice within each group.
Although, we observed a big differences in the mean biolu-
minescence value of excised lungs and lymph nodes. There-
fore, we did not attain statistical significant values of lungs
and lymph nodes. Possibly, with the larger sample size could
show us statistical significance, but at this point our data
seems to be clinically significant. These findings are also in
accord to the previously published reports, which have
shown anti-metastatic potential of PL against breast cancer
(Li et al., 2012; Sung et al., 2012). Although bones are the
prime site of human PCa metastasis (Nguyen et al., 2009)
but no previous published study has reported any bone me-
tastasis in orthotopic xenograft mouse models of PCa. Our
data also correspond to the previous published studies, as
we also did not observe any bone metastasis in any of the
mouse of both the groups (Figure 2Avii—viii). However, PCa
bone metastasis could be investigated in another mouse
model either implanting PCa cells directly into the bones or
left ventricle of the heart (Rosol et al., 2003; Lee et al., 2012).
Overall our data provide evidence of growth inhibitory and
anti-metastatic nature of PL against human PCa.
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The mechanism by which PL inhibits the development of 1995; Pan et al, 2005) including PCa (Aziz et al., 2007a;

PCa involves multiple targets including PKCe (Aziz et al., Hafeez et al, 2011; Koren et al., 2004). Overexpression of
2008). Evidence suggests that PKCe is an oncogene and plays PKCe is sufficient to promote conversion of androgen-
an important role in the induction and progression of various dependent (AD) LNCaP cells to an androgen-independent (AI)

types of cancers (Aziz et al., 2007b; Martinez-Gimeno et al,, variant, which rapidly initiates tumor growth in vivo in both
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intact and castrated athymic nude mice (Wu et al., 2002). We
have shown previously that PKCe expression correlates with
the aggressiveness of human PCa (Aziz et al., 2007a) and ge-
netic loss of PKCe in TRAMP mice prevents development and
metastasis of PCa (Hafeez et al., 2011). A recent study suggests
that overexpression of PKCe in mouse prostate epithelium de-
velops prostatic intraepithelial neoplasia (PIN) at 16—18 weeks
(Benavides et al., 2011). PKCe has also been linked to the regu-
lation of various signaling pathways in PCa. Proteomic analy-
sis of human PCa CWR22 cells xenografts show that the
association of PKCe with Bax may neutralize apoptotic signals
propagated through the mitochondrial death-signaling path-
way (McJilton et al., 2003). We have shown that PKCe associ-
ated with Stat3 and this association increased with the PCa
development and progression in human and TRAMP mouse
model (Aziz et al., 2007a). Moreover, PKCe associates with
Stat3 in other human cancer cell lines and targeted deletion
of PKCe by using specific siRNA inhibits Stat3 phosphorylation
at Ser727 in these cancer cell lines (Aziz et al., 2010). In TRAMP
mice, we have shown that genetic loss of PKCe inhibits both
Ser727 and Tyr705 Stat3 phosphorylation (Hafeez et al.,
2011). These results prompted us to explore the effect of PL-
treatment on Stat3 activation in PC-3M-lucifearse cells de-
rived prostate tumor tissues. We observed that PL-treatment
inhibits PKCe expression and Stat3 activation in orthotopic xe-
nograft tumors in nude mice. Maximum activation of Stat3 re-
quires phosphorylation of both the residues (Ser727 and
Tyr705). Our data illustrated significant inhibitory effects of
PL on pStat3Ser727 and pStat3Tyr705 in prostate tumor tis-
sues (Figure 5Ai—ii). Our data also illustrated decrease expres-
sion of Stat3 downstream target genes (Bcly, and survivin)
(Figure 5Bi—ii) in excised prostate tissues of PL-treated mice
suggesting that PL targets Stat3 signaling in orthotopic xeno-
graft tumors.

Prostate tumors progression from a localized disease oc-
curs through a cascade of biological processes, including alter-
ation in the cell proliferation, cell—cell adhesion, and the
invasive potential of malignant cells. It is well documented
that activation of Matrix metalloproteinases (MMPs) and in-
crease uPA expression induces cancer cell migration and inva-
sion in various types of human cancers including PCa (Boxler
et al., 2010; Zhang et al., 2011). Our data showed inhibition of
MMP2, MMP9 (Figure 5Bi—ii) and uPA (Figure 6Ei—ii) expression
in orthotopic xenograft tumors of PL-treatment mice which
could be one of the molecular mechanisms of PCa cells metas-
tasis inhibition in orthotopic xenograft mouse model. A previ-
ous study has shown that intra-tumoral delivery of iNOS
construct inhibits the growth of ectopic PC-3 cells xenograft
tumors in athymic nude mice, which is associated with the
production of NO in tumor cells (Coulter et al., 2010). Interest-
ingly, our data showed increased expression of iNOS in ex-
cised prostate tissues of PL-treated mice. It may be possible
that PL treatment induced NO production inside the tumor
cells created cytotoxic environment to the tumor cells, which
could be another possible molecular mechanism for tumor
growth and metastasis inhibition in PC-3M-luciferase cells
orthotopic xenograft mice. Our data also suggested a signifi-
cant inhibition of proliferation marker PCNA and Ki-67 in
orthotopic xenograft tumors. These findings are consistent
with our previously published reports (Aziz et al., 2008;

Hafeez et al., 2012b; Sand et al., 2012) and further suggest
the strong anti-proliferative effects of PL against PCa.

In summary, we have used a clinically relevant orthotopic
prostate tumor model to evaluate the effects of PL on tumor
growth and metastasis of highly aggressive human PCa
PC-3M-luciferase cells. We observed that PL significantly
inhibited the growth and metastasis of PC-3M-luciferase cells
in this pre-clinical mouse model. We conclude that PL may be
a potential anti-metastatic agent for the treatment of human
metastatic PCa.
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