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Background: Tumor growth and invasion are interconnected with the tumor microenvironment. Overexpression of genes that regulate
cancer cell invasion by growth factors, cytokines, and lipid factors can affect cancer aggressiveness. A comparative gene expression analysis
between highly invasive and low invasive cells revealed that various genes are differentially expressed in association with invasive potential.
In this study, we selected variant PC-3 prostate cancer cell sublines and discovered critical molecules that contributed to their invasive
potential.

Methods: The high invasive and low invasive variant PC-3 cell sublines were obtained by serial selection following Matrigel-coated Transwell
invasion and were characterized by Transwell invasion, luciferase reporter assay, and Rhotekin pull-down assay. Lysophosphatidic acid
(LPA) was added to the cultures to observe the response to this extracellular stimulus. The essential molecules related with cancer
invasiveness were detected with Northern blotting, quantitative reverse transcription-polymerase chain reaction, and cDNA microarray.
Results: Highly invasive PC-3 cells showed higher nuclear factor kappa B (NF-kB), activator protein 1 (AP-1) and RhoA activities than
of low invasive PC-3 cells. LPA promoted cancer invasion through NF-kB, AP-1, and RhoA activities. Thrombospondin-1, interleukin-8,
kallikrein 6, matrix metalloproteinase-1, and tissue factor were overexpressed in the highly invasive PC-3 variant cells and further
upregulated by LPA stimulation.

Conclusions: The results suggest that the target molecules are involved in invasiveness of prostate cancer. These molecules may have
clinical value for anti-invasion therapy by serving as biomarkers for the prediction of aggressive cancers and the detection of
pharmacological inhibitors.

(J Cancer Prev 2015;20:121-128)
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INTRODUCTION

Tumor dissemination is more likely to occur in cases of
invasive cancer. Invasion of cells into surrounding tissue and the
destruction of normal tissue architecture are hallmarks of
malignant tumors. Primary cancer cells that lose the integrity of
intercellular junctions gain invasive characteristics. Thus, defects
in expression or structure of several components of the epithelial
adherent junctions (e.g., E-cadherin, alpha-catenin) can occur,
leading to migratory and invasive properties.' Growing evidence
shows that tumor growth and metastasis are intimately

associated with the tumor microenvironment, including growth
factors, cytokines, and lipid factors.” Carcinomas are malignant
neoplasms derived from epithelial cells surrounded by stroma
that interacts with cancer cells to modulate cell growth, migra-
tion, invasion and tissue-specific gene expression. Therefore,
crosstalk with the stroma could impact the aggressive response of
cancer cells, and has emerged as a latent target for new anti-cancer
drug development. In addition, understanding the cellular and
molecular processes underlying cancer cell invasion will help
develop reliable diagnostic tools to predict the invasive potential
of cancer as well as molecular targets for cancer therapy.

Received May 15, 2015, Revised June 1, 2015, Accepted June 2, 2015

Correspondence to: Paul F. Lindholm

Department of Pathology, Northwestern University Feinberg School of Medicine, 303 E Chicago Ave, Chicago, IL 60611, USA
Tel: +1-312-926-8483, Fax: +1-312-503-8249, E-mail: p-lindholm@northwestern.edu, ORCID: Paul F. Lindholm, http://orcid.org/0000-0003-2498-6372

Copyright © 2015 Korean Society of Cancer Prevention

@This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/4.0) which permits
unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

www.jcpjournal.org



122 Journal of Cancer Prevention Vol. 20, No. 2, 2015

Prostate cancer is a great public health concern and a disease of
older men, as the prostate cancer rate increases significantly in
men = 40 years. About two-thirds of all prostate cancers occur in
men > 65 years.”” The incidence and mortality of prostate cancer
in most native Asian populations has been increasing but are
approximately one-third lower in corresponding Asian-American
cohorts, which is less than the rates in other corresponding
American cohorts.” However, prostate cancer is a leading cause of
cancer death in men. Mortality results from cancer invasion and
metastasis; therefore, it is important to understand the mole-
cular mechanisms by which prostate cancer invades and metasta-
sizes to identify more definitive prognostic tools to predict
invasive potential and molecular targets for cancer therapy.

To address this issue, we derived high and low invasion
variants of PC-3 human prostate cancer cells by serial selection
using Matrigel reconstituted basement membranes and analyzed
differences in gene expression. PC-3 cells were stimulated with
lysophosphatidic acid (LPA) to explore molecules that increase
invasion activity. LPA is present at elevated levels in ascitic fluid
and plasma from patients with ovarian, endometrial and cervical
cancers and stimulates tumor growth and osteolytic bone metas-
tases.”® Accordingly, our results reveal that the highly invasive
cancer express increased pro-angiogenic factors; extracellular
matrix proteases and invasion/motility-promoting factors which
may drive the cancer progression towards a more aggressive
phenotype. This study discovered several prostate cancer invasion-
associated factors that were further increased by lysophospha-
tidic acid treatment, leading to high levels of prostate cancer cell

invasion.

MATERIALS AND METHODS

1. Materials

RPMI 1640, Dulbecco's modified Eagle's medium (DMEM),
fetal bovine serum (FBS), antibiotics (100 U/mL penicillin G, 100
Ug/mL streptomycin sulfate and 2 mM r-glutamine), phosphate-
buffered saline, 0.25% trypsin-ethylenediaminetetraacetic acid
(EDTA) and serum- and antibiotics-free Opti-MEM were
purchased from Gibco BRL Co. (Rockville, MD, USA). LPA was
purchased from Enzo Life Sciences (Plymouth Meeting, PA, USA).
Double-stranded oligonucleotides containing the nuclear factor
kappa B (NF-kB) (5-AGTTGAGGGGACTTTCCCAGGC-3)) or activator
protein 1 (AP-1) (5-CGCTTGATGAGTCAGCCGGAA-3') consensus
sequences were purchased from Gibco. A T4 polynucleotide
kinase Nick column and poly (dI-dC/ dI-dC) were purchased from
Amersham Pharmacia Biotechnology (Piscataway, NJ, USA).

DMSO and all other chemicals were purchased from Sigma-Aldrich
(St. Louis, MO, USA). The RhoA antibody was purchased from
Santa Cruz Biotechnology (Santa Cruz Biotechnology, Santa Cruz,
CA, USA) and horseradish peroxidase-conjugated secondary
antibodies was purchased from Amersham Pharmacia Biotech-
nology.

2. Cell culture

PC-3 and DU145 human prostate cancer cells were cultured in
RPMI 1640 medium supplemented with 10% FBS and antibiotics
in a humidified atmosphere of 5% CO- at 37°C. MDA-MB-231 and
BT549 human breast cancer cells were cultured in DMEM
supplemented with 10% FBS. The high invasive and low invasive
variant PC-3 cell sublines, PC-3 High and PC-3 Low, respectively,
were obtained by serial selection through Matrigel-coated

Transwell invasion.
3. Invasion assay

Invasive activity was estimated using [’H]thymidine-labeled
cells, as previously described.” The upper surfaces of 8-im pore
size polycarbonate nucleopore filter inserts in a 24-well Transwell
chamber (Corning Costar, Cambridge, MA, USA) were coated with
Matrigel (30 pg/well; Becton Dickinson, Lincoln Park, NJ, USA).
The PH]thymidine-labeled cells (5 x 10° cells) were seeded into
the upper part of the Matrigel-coated filters, and medium was
added to the lower part. The radioactivity of the cells that invaded
through the Matrigel into the lower part of the chamber was
counted using a LS6500 liquid scintillation counter with a liquid
scintillation cocktail (Beckman Coulter, Fullerton, CA, USA). Results
are expressed as changes in invasion relative to controls.

4. Luciferase assay

The luciferase reporter assay was performed as described
previously.'® Upon reaching 70% to 80% confluence, the cells were
cotransfected with 0.5 ug pSV-B-galactosidase and 1 ug of pTAL-Luc
vector, pNF-kB-Luc, or pAP-1-Luc reporter plasmid (Clontech, Palo
Alto, CA, USA) for 8 hours in serum- and antibiotics-free Opti-
MEM with the Lipofectamine 2000 reagent. The cells were
incubated in complete medium for an additional further 48 hours
at 37°C. Cellular protein was harvested 48 hours post-transfec-
tion with the luciferase reporter vector into the high and low
invasive PC-3 cells, and reporter activities were quantified by the
luciferase assay. Luciferase and (-galactosidase activities were
assayed using a microplate spectrofluorometer according to the
manufacturer's protocol (Promega, Madison, WI, USA). Luciferase
activity in cell lysate was normalized to [-galactosidase activity
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and expressed as the mean of three independent experiments.
5. Electrophoretic mobility shift assay

The electrophoretic mobility shift assay (EMSA) was per-
formed using a DNA-protein binding detection kit (Promega),
according to the manufacturer's protocol. Double-stranded oligo-
nucleotides containing the NF-kB or AP-1 consensus sequences
were end-labeled with Klenow [y-P] adenosine triphosphate
(3,000 Ci/mmol) using T4 polynucleotide kinase and purified
with a NICK column (Amersham Pharmacia Biotechnology). The
eluted solutions were used as EMSA probes. Nuclear extracts (10
ug) were incubated with binding buffer (10 mM Tris-HCl [pH 7.5],
100 mM NaCl, 1 mM DTT, 1 mM EDTA, 4% [v/v] glycerol, and 1
ug/uL poly dI-dC) for 10 minutes at room temperature and then
treated with 0.5 pmol labeled probe for 20 minutes. The
DNA-protein complex was separated on a 6% polyacrylamide gel
in 0.5X Tris-Borate-EDTA buffer at 10 V for 3 hours. The gels were
dried and exposed to Kodak-XAR Film (Rochester, NY, USA).

6. Rhotekin pull-down assay

RhoA activity was measured using the glutathione S-transferase-
Rhotekin pull down assay according to the manufacturer's
protocol (Upstate Cell Signaling, Charlottesville, VA, USA). Rhotekin-
bound RhoA (guanosine triphosphate [GTP] bound active form)
was measured by Western blot with anti-RhoA antibody.

7. Northern blot

Total RNA was extracted and Northern blot hybridization were
performed as described previously."' The cDNA were prepared
from the IMAGE human (Invitrogen, Carlsbad, CA, USA); Throm-
bospondin-1 (TSP-1), #Clone ID; 2262742, interleukin-8 (IL-8),
#Clone ID; 5760258, kallikrein 6 (KLK6); #Clone ID; 5193085,

matrix metalloproteinase-1 (MMP-1), 6722233, tissue factor (TF),
#Clone 1ID; 4752970. Each ¢DNA probe was radiolabed with
[o"*Pldeoxyribonucleoside triphosphate using the random-
priming technique and the Rediprime labeling system (Amer-
sham Pharmacia Biotechnology). The probed nylon membranes
were exposed to radiographic film.

8. cDNA microarray analysis

Total RNA from the variant PC-3 cell sublines was examined by
microarray analysis with an Array gene chip containing 60k
probes (Affymetrix, Santa Clara, CA, USA) according to the manu-
facturer's instructions.

9. Quantitative
chain reaction

reverse transcription-polymerase

Total RNA was isolated using TRIzol reagent, and RNA
concentration was measured spectrophotometrically at an optical
density of 260 nm. Quantitative reverse transcription-poly-
merase chain reaction (RT-PCR) was performed using the Gene-
Amp RNA PCR Kit (Applied Biosystems, Foster City, CA, USA) and
the ABI 7500 real time PCR system (Applied Biosystems) with 2 uL
complementary DNA in a total reaction volume of 20 uL using the
SYBR Green PCR mix (Eurogentec, Seraing, Belgium). Glycer-
aldehyde-3-phosphate dehydrogenase was used as the house-
keeping gene for normalization. Primer sequences are given in
Table 1. Specificity of the products was confirmed by melting
curve analysis.

10. Statistics

The statistical analysis was conducted using InStat™ statistical
software (GraphPad Software Inc., San Diego, CA, USA), and the
results are expressed as mean * standard error. Repeated-

Table 1. Primer sequences and annealing temperatures for the reverse transcription-polymerase

Target gene

Primer sequence

Annealing temp (°C)

Thrombospondin-1

Sense;5'-GTGTTTGACATCTTTGAACTC-3' 58

Antisense;5'-CCAAAGACAAACCTCACATTC-3’

Interleukin-8

Sense;5"-ATGACTTCCAAGCTGGCCGT-3' 55

Antisense;5'-CCTCTTCAAAAACTTCTCCACACC-3'

Kallikrein 6

Sense;5'-AGAAGCATCTGGGGACAGAACCAG-3' 61

Antisense;5-CTGCAGCAATCAGACTCAGCACCAC-3’

MMP-1

Sense;5'-AGCTAGCTCAGGATGACATTGATG-3' 60

Antisense;5-GCCGATGGGCTGGACAG-3'

Tissue factor

Sense;5'-TCCCGAACAGTTAACCGGAA-3' 60

Antisense;5'-GACCACAAATACCACAGCTCCA-3'

GAPDH

Sense;5"-ATCCCTCCAAAATCAAGTGGG-3' 60

Antisense;5-TGAAGACGCCAGTGGACTCC-3’

temp, temperature; MMP-1, matrix metalloproteinase-1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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measures Student's paired and unpaired ttests were used to
identify differences between the groups. Pvalues < 0.05 were
considered significant.

RESULTS

1. Highly invasive PC-3 cells show increased nuclear
factor kappa B, AP-1 and RhoA activities

The highly invasive PC-3 cells showed relatively higher
Transwell invasion activity than that of low invasive PC-3 cells
(Fig. 1A). Activation of NF-kB and AP-1 was higher in the highly
invasive PC-3 High cells on the luciferase reporter assay than that
in the low invasive PC-3 Low cells (Fig. 1B). The EMSA showed
similar results (Fig. 1C). RnoGTPases are overexpressed in several
aggressive cancers'” and RhoA stimulates expression of NF-«B-
regulated, inflammation modifying genes, including TF, MMP-9,
and urokinase type plasminogen activator, which are related to
cancer invasion and metastasis. The Rhotekin pull-down assay
was performed to determine if RhoA was also activated in the
highly invasive PC-3 cells. As shown Figure 1D, significantly

increased RhoA activity was observed in the highly invasive PC-3
High cells.

2. Lysophosphatidic acid stimulates cancer invasion,
nuclear factor kappa B, activator protein 1 and
RhoA activities

Reciprocal crosstalk between tumor cells and their adjacent
microenvironment is crucial during tumor growth and metas-
tasis.” The high and low invasive PC-3 cells were stimulated with
LPA, a bioactive phospholipid present at high levels in ascites
fluid and plasma of patients with cancer. LPA has been shown to
stimulate cancer cell invasiveness through increasing RhoA
GTPase activity.”® Under serum-free conditions, LPA significantly
increased Transwell invasion of both the high and low invasive
PC-3 cells (Fig. 2A). The LPA-stimulated increases invasion was
also observed in other cancer cell lines, although there were
differences in the response to LPA. NF-kB and AP-1 activities also
increased in response to LPA under serum-free conditions (Fig,
2B). LPA stimulated NF-kB DNA binding activity to the maximum
level at 1 hour and increased AP-1 DNA binding activity at 4 hours.
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(D) RhoA activities in the variant
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Table 2. cDNA microarray analysis

NF-xB AP-1

Figure 2. Lysophosphatidic acid (LPA)
stimulates cancer invasion and nu-

+ - 4 clear factor kappa B (NF-kB), activator

e

PC-3
Target gene ; ; _ Accession No.

High sTgnal High/Low

low signal
Thrombospondin-1 4,412.1 40.74865 NM_003246.1
Interleukin-8 2,0642.6 7.141255  AF043337.1
Kallikrein 6 6.929.2 12.3056 NM_002774.1
MMP-1 1,400.3 6.144379  NM_002421.2
Tissue factor 1.717.6 26.0379 NM_015366.1
GAPDH 614 1.00829 M33197.1

MMP-1, matrix metalloproteinase-1; GAPDH, glyceraldehyde-3-phos-
phate dehydrogenase.

LPA rapidly induced RhoA activity and maximum
Rhotekin-bound RhoA levels occurred within 4-6 min and

returned to baseline by 10 minutes (Fig. 2C).

3. Target molecules involved in prostate cancer
invasiveness

Total RNA from the variant PC-3 cell sublines was examined by
microarray analysis to verify changes in gene expression. As
shown Table 2, the level of TSP-1, IL-8, KLK6, MMP-1, and TF were
significantly different between the high and low invasive PC-3
cells. The PC-3 cells were treated with LPA and a Northern blot
was performed to demonstrate whether expression of these
genes could be induced by this stimulus. LPA induced the

protein-1 (AP-1), and RhoA activities.
(A) In vitro invasion assay was per-
H LR “ “—AP-1 formed with the variant PC3 cell
sublines (PC-3 Low and High), DU145
(prostate cancer cells), MDA-MB-231
(breast cancer cells), and BT549 (breast
cancer cells) under serum-free condi-
tions. LPA (1 uM) was added to the
lower Transwell chambers. Data are
mean *+ standard error of the mean
of three independent experiments
(*P < 0.001, °P < 0.05 vs. without
LPA control). (B) NF-kB and AP-1
DNA binding activities in LPA- treat-
ed PC-3 cells under serum-free
conditions. ns, non-specific band. Re-
sults are representative of three in-
dependent experiments. (C) RhoA ac-
tivity of LPA-stimulated PC-3 cells. A
western blot was performed after an
LPA time course to detect maximum
RhoA activity through RhoA binding
to glutathione S-transferase-Rhotekin

beads.
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Thrombospondin-1
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Figure 3. Lysophosphatidic acid (LPA)-stimulated expression of se-
lected genes. Northern blot analysis was performed to determine
the effect of LPA on the mRNA expression levels of several genes
in the low invasive PC-3 prostate cancer cells. LPA was treated for
8 hours under serum-free condition. 18S and 28S are loading con-
trols. MMP-1, matrix metalloproteinase-1.

expression of these genes under serum-free conditions, although
there were differences in the degree of response (Fig. 3). The same
changes in gene expression were observed by the RT-PCR analysis
with specific probes (Table 3), although the fold-change in
expression was not always the same using these two different
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Table 3. Lysophosphatidic acid (LPA)-stimulated genes expression
in the low invasive PC-3 prostate cancer cells

PC-3 Low
Target gene
— LPA + LPA
Thrombospondin-1 1.02 = 0.33 5.89 + 1.58
Interleukin-& 1.00 = 0.21 24.37 = 0.06°
Kallikrein 6 1.02 = 0.10 33.97 + 4,18
MMP-1 1.01 = 0.07 891 * 1.29°
Tissue factor 1.05 = 0.48 12.12 = 8.31b

MMP-1, matrix metalloproteinase-1. °2 < 0.01, °P < 0.05.

analytical methods. Expression of the differentially regulated
genes in the microarray results with the variant PC-3 cell sublines
were in direct agreement with the LPA-induced results.

DISCUSSION

Molecular analyses of cancer cells in various stages of
progression have revealed that alterations in tumor suppressor
genes and oncogenes accumulate during tumor progression and
correlate with the clinical aggressiveness of the cancer.”
Moreover, these genetic alterations are associated with the cancer
cell metastatic phenotype.”” Prostate cancer malignancy is
determined by its tendency to metastasize to other parts of the
body, most commonly the bones, lymph nodes, and possibly the
rectum, bladder, and lower ureters after local progression. Cancer
cells must undergo phenotypic changes associated with aggres-
siveness to develop invasive characteristics. However, despite a
steady effort, the identification of target molecules involved in
increased invasiveness has been limited. We established high and
low invasion variants of PC-3 prostate cancer cells using the in
vitro serial selection in a Transwell invasion system. These highly
invasive PC-3 High cells showed higher NF-kB, AP-1 and RhoA
activities than those of low invasive PC-3 Low cells. These
molecules are involved in initiating tumors'* but, more impor-
tantly, they have also been associated with cancer progression by
promoting angiogenesis,” motility, *® blood vessel and lymphatic
intravasation,” immunosurveillance evasion,'® invasion, and
metastasis.

In this study, LPA exerted an activating effect on PC-3 cancer
invasiveness through increasing NF-kB, AP-1, and RhoA activities.
LPA is a naturally occurring phospholipid that is detected in
plasma at concentrations of 0.1 uM but reaches micromolar levels
in serum after platelet aggregation. However, LPA is present at
elevated levels in ascites fluid (up to 80 uM) and plasma from
patients with ovarian, endometrial, and cervical cancers.” Many

cellular effects of LPA have been reported, including cell prolifera-
cell motility, and
invasion.””” Previous studies has demonstrated that endoge-

. 1 . : 20,21
tion," cell survival and drug resistance,

nously produced LPA is closely associated with bone metastases.
Metastatic progression of breast cancer to bone is markedly
impaired by LPA receptor (LPA)) silencing or pharmacological
blockade of LPA; activity using Kil6425 in a mouse hind limbs

model.*

In addition, autotaxin, which catalyzes production of
the majority of LPA from lysophosphatidylcholine in vivo,
promotes cancer invasion via the purigenic cluster of G-protein-
coupled receptors including LPAs. Depleting LPA; results in
significantly less lung metastasis in a HT1080 human fibro-
sarcoma cell line through mouse tail vein injection.” LPA also
enhances differentiation of osteoclast precursors and regulates
the morphology, resorptive activity, and survival of mature
% Therefore, LPA, LPA signaling, and LPA target

molecules may be diagnostic and therapeutic targets to treat

osteoclasts.

patients with prostate cancer.

Prostate cancer is the most commonly diagnosed malignancy
and the second leading cause of cancer-related death in men.
Currently, the effective test that can confirm the diagnosis of
prostate cancer is combined determination of the clinical stage of
the primary tumor (based on digital rectal examination, DRE) and
serum level of prostate-specific antigen (PSA), followed by im-
munohistological analysis of a prostate biopsy. However,
diagnosis through palpation of the prostate by DRE misses nearly
25% to 50% of early tumors and commonly understages those
tumors that are found. Although screening for PSA has led to
earlier detection of prostate cancer and a decrease in the number
of patients with advanced disease,” the specificity and
sensitivity of such screening is only average.”®” In fact, 25% of
men that have palpable cancers present with normal PSA levels,”
and 20% of prostate cancers with aggressive features are found in
men with normal levels of PSA.” In addition, since prostate
cancer is a multi-focal process with tumor cells infiltrating into
the tissue between benign ducts and acini,** the distribution of
tumors within the prostate is not uniform causing difficulty in
determining the number of and appropriate sites for biopsy cores
to be taken and thus resulting in sampling error. These facts,
combined with the knowledge that cancer invasion and metasta-
sis are essential steps leading to patient morbidity and mortality,
illustrate an urgent need to identify new molecular markers for
prostate cancer invasion and metastasis. Hence, we verified
expression of differentially regulated genes between highly
invasive and low invasive PC-3 cell sublines using cDNA micro-
array. They might be associated with aggressiveness to develop
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invasive characteristics. TSP-1, IL-8, KLK6, MMP-1, and TF were
expressed at significantly higher levels in highly invasive PC-3
High cells than in the low invasive PC-3 Low cells. These genes
were also upregulated by LPA stimulation. Thus, anti- cancer
therapies targeting specific genes controlling invasion of prostate
cancer may be of benefit to treat prostate cancer. Serum IL-8 is
elevated in men with prostate cancer and bone metastases,” and
IL-8 regulates tumorigenicity and metastases in androgen-
independent prostate cancer.”® MMP-1 also plays an important
role in the progression of prostate cancer during the invasive and
metastatic stages.”” TSP-1 expression is associated with clinico-
pathological features and prognoses in many types of cancers.
However, TSP-1 is a multi-functional protein, and its biological
activities vary according to the specific tumor environment.
Although TSP-1 may act as a promoter of prostate cancer, it
expression and carcinogenic activities remain controversial ***
Particularly, expression of TF in prostate cancer is significantly
correlated with a malignant phenotype.”* TF expression is in-
creased in aggressive malignant melanoma, pancreatic, colorec-
tal, non-small cell lung, breast, and prostate carcinomas.”
Investigation in our group has shown that TF expression was
positively correlated with prostate cancer invasion activity in
several cancer cell lines and co-cultures with human monocyte
lineage cells increased prostate cancer cell TF expression.” The
prostate cancer cell invasion depended on TF expression as
invasion was inhibited by anti-TF neutralizing antibodies.
Clinical prostate cancer epithelium also showed increased TF
expression compared with benign prostate epithelium. Further
studies are needed to investigate the effects of these target genes
that are upregulated in the invasive cancer cells. These target
factors may be important molecules for predicting the invasive
and metastatic potential of prostate cancer as well as molecular
therapeutic targets.
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