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Abstract

Anterior Gradient Protein (AGR-2) is reported to be over-expressed in many epithelial cancers and promotes metastasis. A
clear-cut mechanism for its observed function(s) has not been previously identified. We found significant upregulation of
AGR-2 expression in a bone metastatic prostate cancer cell line, PC3, following culturing in bone marrow-conditioned
medium. Substantial AGR-2 expression was also confirmed in prostate cancer tissue specimens in patients with bone
lesions. By developing stable clones of PC3 cells with varying levels of AGR-2 expression, we identified that abrogation of
AGR-2 significantly reduced cellular attachment to fibronectin, collagen |, collagen IV, laminin | and fibrinogen. Loss of
cellular adhesion was associated with sharp decrease in the expression of a4, a5, oV, 3 and B4 integrins. Failure to undergo
apoptosis following detachment is a hallmark of epithelial cancer metastasis. The AGR-2-silenced PC3 cells showed higher
resistance to Tumor necrosis factor-related apoptosis- inducing ligand (TRAIL) induced apoptosis in vitro. This observation
was also supported by significantly reduced Caspase-3 expression in AGR-2-silenced PC3 cells, which is a key effector of
both extrinsic and intrinsic death signaling pathways. These data suggest that AGR-2 influence prostate cancer metastasis
by regulation of cellular adhesion and apoptosis.
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Introduction lacking AGR-2 are prone to develop colitis [7]. AGR-2 has drawn
considerable attention in recent years for its putative role in
neoplastic progression and metastasis [8-15]. AGR-2 has been
found to be over-expressed in various adenocarcinomas and has
been linked to poor survival of patients with breast and prostate
cancers [16,17]. Few recent reports have shed light on the
regulatory elements of AGR-2 function, but its specific role(s) in
tumorigenesis and progression to metastasis is still lacking [18—20].
In prostate cancer, AGR-2 is reported to be androgen inducible
and only over-expressed during early stages of carcinogenesis
[13,21]. On the contrary, a recent study also observed reduced
AGR-2 expression in high grade tumors, which coincided with
metastatic disease [13].

The present study employed AGR-2 gene silencing method in
bone metastatic human prostate cancer cell line PC3 to
understand its biological function in prostate cancer bone
metastasis. Results indicated loss of AGR-2 in PC3 cells resulted
in significant reduction in tumor cell adhesion, loss of expression of
a4, a5, aV, B3 and B4 integrins and development of apoptosis
resistance, suggesting role of AGR-2 in metastatic cascade of
prostate cancer by affecting tumor cell adhesion and migration.

Prostate cancer has the highest incidence rate among all cancers
in men in the developed world and is the third leading cause of
death behind lung and colorectal cancers [1]. Pathogenesis of
prostate cancer and its preferential metastasis to bone and other
organs are regulated by genes, which function cooperatively to
promote each step of carcinogenesis and the metastatic cascade
[2-4]. Although distinct gene signatures governing stages of cancer
progression are reported in breast cancer, such information
regarding prostate cancer is still lacking [5]. Identifying the role
of new molecules of diagnostic and therapeutic significance
remains a major focus of current cancer research. By gene
expression analysis, we observed significant augmentation of
AGR-2 in the PC3 prostate cancer cell line, metastasized to bone,
following maintenance in normal bone marrow-conditioned
medium. AGR-2 was first identified as XAG-2 in Xenopus laevis,
which induces differentiation of cement gland that helps the
embryos to remain attached to substratum through secretion of a
mucinous substance [6]. The mammalian homologue, AGR-2, is a
protein disulfide isomerase (PDI), which contains a thio-redoxin
domain and responsible for intestinal mucus production [7]. Mice
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Materials and Methods

Cell Lines and Reagents

An osteolytic human prostate cancer cell line, PC3, was
purchased from ATCC (Manassas, VA), and a clonal derivative
of the PC3 cells, expressing firefly luciferase, was a generous gift
from Dr. Kenneth J. Pienta (University of Michigan, Ann Arbor,
Michigan). Both cell lines were maintained in RPMI-1640
medium (Mediatech Inc. Hendron, VA) supplemented with 10%
fetal bovine serum (Mediatech Inc.) and penicillin/streptomycin
(Mediatech Inc). Total RNA was isolated using Trizol (Invitrogen,
Carlsbad, CA) and purified using a QJIAGEN mini kit (Valencia,
CA). cDNA microarray analysis was performed by the Cancer
Genomics Shared Resources at the Winship Cancer Center of
Emory University (Atlanta, GA) using an Illumina Beadstation 500
and data were analyzed by JAVA Treeview, Spotfire, Gene
Cluster 3.0 and Ingenuity pathway analysis. iScript cDNA
synthesis kit was purchased from Bio-Rad (Hercules, CA). AGR-
2 primers (Forward 5-TTGGGGTGACCAACTCATCT-3';
Reverse 5'- GGACAAACTGCTCTGCCAAT-3") for RT-PCR
analysis were designed using the Primer 3 (version 4.0) software
and oligonucleotides were purchased from Integrated DNA
Technologies, Inc. (Coralville, IA). cDNA samples were analyzed
in Bio-Rad iCycler (Hercules, CA). 3-dimensional (3-D) PC3 beads
for growth in bone marrow conditioned medium were generated
following growth of PC3 cells on hu-biogel matrices and supplied
by Vivo Biosciences (Birmingham, AL). A Vybrant ® MTT Cell
Proliferation Assay Kit was purchased from Molecular Probes,
Inc. (Fugene, OR). 3-D Culture Matrix "™ basement membrane
extract was purchased from Cultrex (3445-00501, Gaithersburg,
MD). A Cytoselect™ 48-well cell adhesion assay kit was
purchased from Cell Biolabs, Inc. (CBA-070, San Diego, CA).
All kits and reagents were used following manufacturer’s
instructions.

Antibodies

Mouse and human monoclonal antibodies, and polyclonal
antibodies for AGR-2 were purchased from Abcam Ltd (Cam-
bridge, MA, and used at a dilution of 1:1000 for immunoblots and
1:500 for IHC). An integrin antibody sampler kit was purchased
from Cell Signaling (4749S, Danvers, MA, and used at a dilution
of 1:1000 for immunoblots and 1:500 for IHC). Caspase-3,
Cleaved Caspase-3 and beta-actin antibodies were purchased from
Cell Signaling (Danvers, MA, and used at a dilution of 1:500 for
immunoblots). Secondary immuno-detection was performed using
goat-anti-rat/mouse/rabbit IgG ABC kits purchased from Vector
Laboratories (Burlingame, CA) and GE Healthcare (Buckingham-
shire, UK). For immunofluorescence secondary detection, goat-
anti-rat/mouse/rabbit IgG labeled with Alexa-Fluor-594 was
purchased from Molecular Probes, Inc. (Eugene, OR, 2 ug/ml).

Human Tissue Samples

Bone metastatic prostate cancer tissue was obtained from
autopsy at University of Alabama at Birmingham in accordance
with approved institutional review board (IRB) protocol. Forma-
lin-fixed paraffin embedded tissue blocks obtained from these
sources were sectioned at 6 um. All tissue samples were reviewed
and characterized by board-certified anatomic pathologists.

Isolation of Bone Marrow-conditioned Medium

Male C57BL/6 mice were sacrificed and both femur and tibiae
were harvested and marrow was flushed out with sterile serum-free
SIGMA Stemline medium (St Louis, MO) using a 28.5 gauge
needle fitted to a 1 ml syringe in a 50 ml sterile tube containing
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10 ml of serum-free Stemline medium. Bone marrow clumps were
removed by repeated passing through a 16.5 gauge needle fitted to
a 10 ml syringe until a homogeneous single cell suspension is
achieved. The cells are pelleted via centrifugation at 1200 rpm,
washed three times using serum-free medium and finally re-
suspended in 50 ml Stemline medium containing 10% fetal bovine
serum and antibiotics. The cells are further diluted with serum
containing Stemline medium to 100 ml and distributed to four
150 cm? cell-culture flasks (Corning Inc. Corning, NY) for
maintenance in a moist chamber with 95% O, and 5% CO,
supply. After two days the culture medium was collected and
centrifuged at high speed to get rid of cells and debris. The
supernatants were pooled and used directly for the culture of 3-D,
PC3 beads.

Construction of Recombinant shRNA Vector and
Development of Single Cell-derived PC3 Clones with
AGR-2 Knockdown

Twenty one-base pair targets were selected from unique regions
of the AGR-2 coding sequence using Tuschl et al., 1999 siRNA
design guidelines [22]. Among the tested shRNA sequences, the
one that showed maximum efficacy was used in the present study
and consisted of 21-mer sense (GACAAACACCTTTCTCCT-
GAT) and anti-sense strands separated by a 9-bp region and
contained BamHI or Hind III restriction sites, respectively, for
directional cloning (Integrated DNA Technologies, Coralville, IA).
The oligonucleotides were annealed and directly ligated into a
pRINAT.U6/Neo/GFP expression plasmid (Genescript, Piscat-
away, NJ). One of the 21-mer sequences (CCTTGAGACTT-
GAAACCAGAA) that failed to silence AGR-2 expression was
used as the experimental control to minimize any off-target effect.
PC3 cells were cultured in 6-well plates to approximately 90%
confluence in antibiotic free medium. The cells were then
transfected with AGR-2 shRNA expressing plasmids using
Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to the
manufacturer’s instructions. After 24 hr, the transfection medium
was replaced with complete medium and after another 24 hrs,
GFP positive cells were flow sorted and maintained in pre-
standardized 600 pg/ml neomycin (10131, GIBCO, Invitrogen,
Carlsbad, CA). Once neomycin resistant cells developed, cells
were trypsinized and again plated into 96-well culture dishes at a 1
cell/well frequency, in duplicates. AGR-2 knockdown PC3 clones
(PC3A9R™2M and control cell clones (PC3°"™Y) were selected
after testing for AGR-2 expression via western blotting and
immunofluorescence analyses.

STRAIL-induced Apoptosis Assays

Recombinant human TNF-related apoptosis-inducing ligand
(TRAIL) was purchased from EMD Millipore Corporation,
Temecula, CA. PC3°°" and PC3ACR™ZM cells were treated
with 0, 12.5, 25, 50 and 100 ng/ml concentration of TRAIL. Cell
viability was determined after 12 hrs and 72 hrs by propidium
iodide staining (BD Biosciences) and MT'T Cell Proliferation Assay
Kit respectively. Treated cells were also harvested after 0 hr, 1 hr,
3 hrs and 6 hrs by cell scraping, cell pellets were washed twice
with ice-cold PBS and subjected to Western blotting for the
detection of caspase 3 and active cleaved caspase-3 peptides.

Western Blotting

Cells were trypsinized, washed and re-suspended in protein lysis
buffer prior to being freeze-thawed once at —80°C. Proteins were
denatured adding SDS-PAGE buffer containing B-mercaptoeth-
anol and incubating at 95°C for 5 min. Genomic DNA was
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sheared by ultra-sonication. Protein concentrations were measured
using Lowry’s method (Biorad, Hercules, CA). Proteins were
separated in either 10 or 15% polyacrylamide gel and transferred
to nitrocellulose membrane. The membrane was incubated for
I hr, in 2% non-fat dried milk, in TBST to block non-specific
primary antibody binding. The membrane was then incubated
overnight with appropriately diluted primary antibodies in TBST
buffer. Beta-actin antibody was used as the loading control.
Following a 3 times wash in TBST, the membrane was incubated
in goat anti-mouse/rabbit IgG conjugated to horse radish
peroxidase (1:5000, Agilent Technologies, Santa Clara, CA) for
30 min. The membrane was washed again in TBST and
developed using an enhanced chemiluminescence reagent (GE
Healthcare Bio-Sciences Corp. Piscataway, NJ) and imaged on a
Fuji LAS-3000 chemiluminescence developer.

Immunofluorescence

Both PC3°™ and PC3AR7*" cells were grown in culture
until 50% confluence in chambered slides, washed thoroughly in
PBS and fixed in ice-cold 3.7% paraformaldehyde in PBS
containing 0.1% Triton-X-100, for 20 min, at room-temperature.
Cells were washed thoroughly and incubated overnight at 4°C in
rat monoclonal human AGR-2 antibody. Following PBS wash,
cells were incubated with alexa-fluor-594 labeled anti-rat IgG
(Molecular Probes, Eugene, OR), for 30 minutes, at room
temperature. Cells were washed and nuclei were stained with
DAPI for contrast. The fluorescent labeled cells were mounted
using Vectashield (Vector Labs, Burlingame, CA) and viewed in a
Leica DMRB fluorescence microscope.

Histomorphometry and Immunohistochemistry

Soft tissues were fixed in 10% neutral buffered-formalin solution
for 48 hours before embedding in paraffin for histological analysis.
Bone tissues were decalcified in 0.5 mol/L EDTA in Ca”*- and
Mg**-free Dulbecco’s PBS (Cellgro) prior to embedding in
paraffin. Six um longitudinal serial sections were cut from the
femur and tibia and stained with hematoxylin and eosin (H&E) to
determine the characteristics of tumor growth in the bone. For
immunohistochemistry, 6 pM paraffin sections were deparaffi-
nized in xylene, and hydrated through graded-alcohol. Antigen
retrieval was performed in citrate buffer, pH 6.0, under steam for
20 min. Sections were cooled to room temperature and endog-
enous peroxidase was removed using 0.3% HoO, in methanol for
30 min and blocked with 3% normal goat serum for 30 min.
Tissue sections were then incubated with primary antibodies
overnight at 4°C. Sections were washed in PBST and again
incubated at room temperature (RT) with biotin-conjugated goat
anti-rabbit/anti-rat secondary antibody for 2 hrs. After washing,
sections were incubated with streptavidin-conjugated horseradish
peroxidase for 1 hr at room temperature. After another wash with
PBST, immunodetection was performed using DAB-H,O4 (Vec-
tor Labs, Burlingame, CA) and counterstained with hematoxylin
wherever applicable.

Migration Assays

Migration assays were performed by a “wound closure” method
and by using Boyden chamber assay. In the wound closure assay,
AGR-2-silenced PC3 cells and control PC3 cells were plated at 10°
per well in a six-well plate. Upon reaching 90% confluency, the
cells were serum starved overnight. Fresh medium was added to
the cells and wounds were created using a sterile 200 pl pipette tip.
Photographs of the wound closure were taken at 0 hrs and 22 hrs
to compare the difference in the rate of wound closure between the
AGR-2-silenced and control PC3 cell lines. A Boyden chamber
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migration assay was performed by plating 4x10* PC3°°™™ and
PC3ACRTZh (el per well on a cell culture insert (8 um pore size,
24-well format; Becton Dickinson Labware) in serum-free medium
in triplicate. To initiate migration 10% FBS was used as a chemo-
attractant in the lower chamber. Cells were incubated for 6 hrs at
37°C and removed from the upper chamber using a cotton swab.
Cells on the underside of the chamber were visualized under a
fluorescence microscope and counted using Image J software. The
effect of AGR-2 silencing on PC3 cell migration was presented as
relative values compared to control (100%).

Statistical Analysis

Data were analyzed by Student’s t-test. Values provided are the
Mean = SEM and the differences were considered significant if
p<<0.05.

Results

AGR-2 Expression is Increased in Metastatic Prostate
Cancer Cells in the Presence of Conditioned Bone
Marrow Microenvironment

Bone metastasis is a hallmark of prostate cancer dissemination,
which offers an ideal setting to study the metastasis of such cancer
cells within the microenvironment and specifically the molecular
signals that promote their survival in the metastatic niche. To
elucidate if responses to such signals in the microenvironment
alters AGR-2 expression in prostate cancer cells, PC3 cells were
grown in 3-dimensional spheroids and maintained for 3 days in
bone marrow-conditioned medium. Total RNA was isolated from
these cells and subjected to cDNA microarray analysis
(Figure 1A), which was subsequently confirmed by real-time
quantitative RT-PCR (Gene Expression Omnibus, GEO acces-
sion # GSE38714; NCBI tracking system # 16589736). AGR-2
was over-expressed significantly (p<<0.05) when compared to PC3
cells cultured in regular medium (Figure 1B), suggesting AGR-2
might be required for initial adaptation of metastatic tumor cells to
the new microenvironment. AGR-2 expression was also deter-
mined in bone metastatic prostate cancer tissue specimen. Intense
AGR-2 expression was detected, which suggests requirement of
AGR-2 for the establishment of bone metastasis (Figure 1C).

Determination of AGR-2 mRNA Expression in Various
Prostate Cancer Cell Lines

Relative AGR-2 mRNA expression was determined in bone
metastatic PC3, LnCap and C4-2B human prostate cancer cell
lines and brain metastatic Dul45 prostate cancer cell line by RT-
PCR. Results indicate significantly higher AGR-2 expression in
PC3, LnCap and C4-2B cell lines compared to Dul4) cell line,
suggesting importance of AGR-2 in prostate cancer bone
metastasis (Figure 2A).

Determination of AGR-2 Expression in PC3“°""' and
PC3"R=2 Cell Lines

Amount of AGR-2 gene silencing in pC3eentel and
PC3ACRT2h (olls was evaluated by Western blotting (Figure 2B)
and immunofluorescence staining (Figure 2C). Over ninety

percent down-regulation of AGR-2 expression was achieved in
PC3AR™2D cells when compared to PC39™™! cells.

Altered Growth Characteristics of PC3 Cells Following
AGR-2 Gene Silencing

When PC3 cells with varying levels of AGR-2 expression were
analyzed in vitro, there was no significant difference in proliferation
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Figure 1. AGR-2 over-expression in PC3 cells following growth in bone marrow conditioned medium. A. cDNA microarray heat map
showing higher AGR-2 expression (red) in PC3 cells grown in bone marrow conditioned medium compared to regular medium (green). B. Real-time
RT-PCR data showing a significant (p<<0.05) increase in AGR-2 expression in PC3 cells following growth in normal bone marrow conditioned medium
(BMCM) as compared to when grown in regular medium (RM). C. Immunohistochemical analysis showing intense AGR-2 immunostaining in the
human prostate cancer cells metastasized to bone (Original Magnification 400x).

doi:10.1371/journal.pone.0089940.g001

rates between PC32SR 2" and PC3“"™! cell lines (Figure 3A).
However, in monolayer cultures, the PC39°"™ cells appeared to
be fibroblast-like and firmly attached to the plastic surface. The
cells were loosely connected to each other and only via
pseudopodial extensions. The PC3*“®~%" cells on the other
hand maintained more epithelial phenotype with rounded or
cuboidal morphology and formed a cobblestone like appearance
when confluent. Unlike the PC39°"°! cells, PC3ACRT20 (el
appeared to be loosely attached to the plastic surface (Figure 3B).

AGR-2 Promotes Cellular Adhesion

When PC3%°! and PC3AR ™2 cells were compared for
their ability to bind to various extracellular matrix (ECM) proteins,
including fibronectin, collagen I, collagen IV, laminin and
fibrinogen utilizing a cell adhesion assay kit, results indicated
significant reduction in the ability of PC3*“® %" cells to remain
attached to all the components of the ECM tested. PC3 R~ %0
adhesion to fibronectin was maximally decreased (70%) among
other ECM proteins, indicating AGR-2 influences pathwayf(s)
which promote cellular adhesion (Figure 4A).

Loss of Integrin Expression in PC3 Cells Lacking AGR-2
Integrin heterodimers in various combinations are known to
mediate cellular adhesion to the ECM and play an important role
in tumor growth and metastasis [23]. To determine if modulations
of AGR-2 levels during tumor growth and metastasis is associated
with altered integrin levels and function, we determined the
expression of a panel of integrins (a4, a5, oV, Bl, B3, B4, B5
integrins) in PC3*CR 20 and PC39°""! cells by Western blotting.
Significantly reduced expression of o4, o5, oV, B3 and B4
integrins was observed in PC3*“®~2" cells. Comparable amounts
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of B1 integrin levels were observed in both cell lines whereas no 5
integrin was detected in either cell line. This data strongly suggests
a role for AGR-2 in regulating cellular adhesion via integrin
expression. (Figure 4B).

Reduced of Tumor Cell Migration in AGR-2-silenced PC3
Cells

To determine if reduced cell adhesion and integrin expression in
AGR-2-silenced PC3 cells affected PC3 cell migration, both a
“wound closure” assay as well as a Boyden chamber migration
assay was carried out. The results indicated significantly reduced
(p<<0.01) tumor cell migration in AGR-2-silenced PC3 cells when
compared to control PC3 cells. Both these assays also suggesting
cellular adhesion via integrin expression is crucial for tumor cell
migration (Figure 5 A&B).

Development of TRAIL Resistance in PC3AR~2h Cells

Previous experiments indicated AGR-2-silenced PC3 cells
showed reduced cell adhesion, integrin expression and migration.
Normal epithelial cells undergo apoptosis following detachment
from the basement membrane (anoikis) whereas anoikis resistance
is one of the hallmarks of malignant cancer cells. To determine if
AGR-2 silencing has contributed to susceptibility to anoikis, both
P33l and PO R 2 cells were cultured in witro for 72 hrs
in the presence of 0, 12.5, 25, 50 and 100 ng/ml of recombinant
human soluble (s)TRAIL protein. Outcome of the experiment was
analyzed by cell viability assay using a M'T'S cell proliferation assay
kit following TRAIL treatment. Although cell death was observed
in both PC39°"! cells and PC3ACR ™30 cells, PC3ACRT2h cells
survived the TRAIL challenge significantly better than the
PC3°"™! cells (Figure 6A) suggesting loss of AGR-2 might be
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Figure 2. AGR-2 levels in various prostate cancer cell lines, and development and characterization of AGR-2-silenced PC3 cells.
A. AGR-2 levels were determined by RT_PCR analysis in various human prostate cancer cell lines. The bone metastatic PC3 cells have the highest AGR-
2 mRNA expression, whereas brain metastatic Du145 cells have the least amount of AGR-2 expression. B. Development of AGR-2 silenced PC3
cells. Western Blot analysis showing significant down regulation of AGR-2 protein following stable introduction of shRNA construct targeting AGR-2
in PC3 cells. beta-actin was used as a loading control. C. Immunofluorescence analysis comparing AGR-2 expression in AGR-2 silenced PC3 cells versus
control PC3 cells (Original magnification 400X).

doi:10.1371/journal.pone.0089940.g002
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Figure 3. Characterization of AGR-2-silenced PC3 cells. A. MTT cell proliferation assay showing similar rates of growth in PC3<°"" and

PC3ACR2h ca|ls, B. PC3 <M cells (above) showing a fibroblast-like appearance with pseudopodia-like extension for cell-cell contacts. PC3A%R cells
(below) showed a more epithelial cell-like, rounded phenotype. These cells were also loosely attached to the culture dishes as compared to control
cells. The green fluorescence in the right panels shows both PC3%°"™! and PC3A%R2 cells constitutively express GFP because of the presence of GFP
expressing cassette in the vectors used to create the control and AGR-2-silenced PC3 cell lines.

doi:10.1371/journal.pone.0089940.9003
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Figure 4. Cell adhesion properties and integrin expression of AGR-2-silenced PC3 cells. A. Adhesion properties of PC3<°"™' and
PC3AGRZN calls were evaluated following growth in culture dishes coated with various ECM proteins. First, cells were seeded in duplicate onto the
coated substrates and allowed to adhere. Next, unbound cells were washed away, and the adherent cells were fixed and stained. Finally, the stain was
extracted and quantified colorimetrically. Significant reduction in cellular adhesion to fibronectin (***p<0.001), collagen | (**p<<0.01), collagen IV
(***p<<0.001), laminin (*p<<0.05) and fibrinogen (*p<<0.05) were observed in case of PC3A°F2" cells when compared to PC3<°"™ cells. BSA coated
wells were used as the reagent control (p>0.1). Data presented here are mean * SEM. B. Significant down-regulation of a4, a5, aV, B3 and B4
integrins was observed in PC3*R%" cells as compared to PC3%°™™ cells. No difference in 1 integrin levels was observed between the two cell types.
Beta-actin was used as the loading control. Multiple protein bands present in the blots include integrin precursor and mature proteins as well as
cleaved products is expected molecular mass according to manufacturer’s information (Cell Signaling Technology, Cat# 4749S).
doi:10.1371/journal.pone.0089940.g004

associated with development of anoikis resistance in malignant in the presence of 0 ng/ml and 100 ng/ml concentration of
tumor cells. Cell viability following sTRAIL challenge was also sTRAIL followed by PI staining. Phase contrast, fluorescent and
determined by staining the cells with propidium iodide (PI). overlayed images were captured using a Leica DMI 4000B
PC3Eo! and PC3AR ™20 cells were cultured in vifro for 12 hrs microscope and analyzed with Image ] software. Both live and
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insert using a cotton swab and cells on the underside of the insert were photographed and counted. The effect of AGR-2 silencing on PC3 cell
migration is presented here as relative values compared to control (100%).

doi:10.1371/journal.pone.0089940.9005

dead cells were counted and non-viable cells (PI positive) were
represented as percentage of total number of cells. Results showed
significantly higher PI positive cells (p<<0.05) in PC3%°""! cells
compared to PC3*CR~%" cells (Figure 6 B&C). Caspase-3 is
found to be activated in both extrinsic and intrinsic cell death
pathways and carry out the execution phase of apoptosis [24].
Caspase-3 was found be significantly lower in AGR-2-silenced
PC3 cells compared to control cells in Western blot analysis, which
also supports development of anoikis resistance (Figure 6D). No
difference was observed between control and AGR-2-silenced PC3
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cells in terms of caspase-8, death receptor-5 and caspase-9 (data
not shown). Caspase-3 activity requires proteolytic cleavage of
mnactive caspase-3 into 19/17 KDa activated cleaved caspase-3
[25]. To compare generation of cleaved caspase-3 both PC3%°n!
and PC3*“R™%" (ells were grown in 50 ng/ml concentration of
STRAIL for a period of O hr, 1 hr, 3 hrs and 6 hrs. Cells were
harvested by scrapping and cell pellet was washed with PBS twice
before isolation of proteins. Caspase-3 and cleaved caspase-3 were
determined by Western blotting, which showed higher levels of

S0
both peptides in PC39""! cells compared to PC3R ™21 cells in
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a time-dependent manner (Figure 6D). Analysis of prostate
cancer gene expression dataset for primary and metastatic prostate
cancer (194 cases) published by Taylor etal, 2010 using
CBIOPORTAL indicated an odds ratio of 4.25 (confidence
interval 1.40-12.86; p<<0.02 by Fisher’s Exact Test) between
AGR-2 and Caspase-3 suggesting a tendency towards co-
occurrence of these two molecules [26].

Discussion

Prostate cancer metastasizes to bone and produces osteoblastic/
osteolytic lesions, which cause severe bone pain, susceptibility to
fracture and spinal cord compression [27]. Bone metastatic cancer
is incurable and leads to significant morbidity and mortality in
these patients. Adhesion of exfoliated, circulating cancer cells
within the bone marrow ECM proteins is the major step required
for the establishment of bone metastasis [28]. In our microarray
study, significant upregulation of AGR-2 mRNA expression
following maintenance in bone marrow conditioned medium
suggests a role of AGR-2 in facilitating the growth of prostate
cancer cells in the bone microenvironment. AGR-2-silenced PC3
cells showed significantly reduced cellular adhesion to fibronectin,
collagen I, collagen IV, laminin and fibrinogen, which suggests
AGR-2 plays an important role in prostate cancer cell attachment
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within the bone marrow microenvironment. Role of AGR-2 in
promoting cell adhesion is also reported in a recent study [29].

Both cell-cell and cell-ECM adhesion is mediated by integrins,
which are heterodimeric transmembrane glycoproteins. ovf3
integrin is reported to be crucial for breast and prostate cancer
skeletal metastasis and binds to osteopontin, fibronectin and
vitronectin [30-33]. The oavB3 integrin heterodimer has been
shown to be important for malignant prostate cancer cells to
migrate and adhere to bone marrow matrix proteins during early
stages of metastasis [34,35]. Downregulation of both av and B3
integrin subunits in AGR-2-silenced PC3 cells supports the earlier
observations. The o5B1 integrin heterodimer has also been
implicated for binding to fibronectin on human bone marrow
stroma in prostate cancer [33]. Although, significant down
regulation of a5 integrin was observed in our study, there was
no difference in Blsubunit expression between control and AGR-
2-silenced PC3 cells, suggesting regulation of Bl integrins by
factors other than AGR-2.

Resistance to undergo programmed cell death following
detachment (anoikis) from the ECM is one of the hallmarks of
epithelial cancers [36]. Kodi et al., recently showed development
of resistance to TRAIL induced apoptosis in HT-29 colon cancer
cells following loss of cell adhesion properties [37]. Similar
observations were made in the present study in AGR-2-silenced
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Figure 6. Development of TRAIL-induced death resistance in PC3 cells following AGR-2 gene silencing. A. PC3<°"" and PC3A%R%h cells
were treated in vitro with various concentrations of sTRAIL. Cell viability was tested after 72 hrs using a cell viability assay kit. Significantly higher cell
death (p<<0.001) was observed in PC3%°""' cells compared to PC3*°F*" cells. B. Cell viability following sTRAIL challenge was also determined
between PC3%°"™ and PC3A%R%h cells by PI staining and viewing under fluorescence microscope (Original Magnification 200X). €. Multiple
photographs were taken for each cell line following sTRAIL treatment and P!l staining. Both live and dead cells were manually counted using Image J
software and graphically plotted. D. Western blot analysis showing caspase-3 and cleaved caspase-3 levels in uninduced and TRAIL-induced control
and AGR-2-silenced PC3 cells.

doi:10.1371/journal.pone.0089940.g006
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PC3 cells, suggesting anoikis resistance in malignant cells may be
associated with loss of AGR-2. In the present study, among various
caspases only caspase-3 (executioner caspase) and its active
fragment (cleaved caspase-3) were found to be down regulated
following AGR-2 silencing in PC3 cells which explains resistance
to sSTRAIL mediated apoptosis in AGR-2-silenced PC3 cells and
indicates that caspase-3 is a under the direct target of AGR-2.
Moreover, a significantly higher odds ratio was observed between
caspases-3 and AGR-2 in human prostate cancer data suggesting a
strong relationship between AGR-2 and caspases-3 mediated
execution steps of apoptosis. Development of resistance to extrinsic
cell death pathway despite reduced tumor cell adhesion is
intriguing and requires further investigation. Results of the present
study clearly suggest that down-regulation of integrins, mediated
by low AGR-2 levels, is initially required for the detachment of the
tumor cells from the basement membrane and for the breaking of
cell-cell contacts. Once they are free, these cells regain AGR-2 as
well as integrin expression during their passage through the
circulation and during initiation of colonies at the metastatic sites.
In fact, a significantly higher AGR-2 expression was observed in
circulating prostate cancer cells [38]. Loss of AGR-2 and integrin
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expression in higher grade tumors and enhanced AGR-2 and
integrin expression in metastases support this mechanism.

Overall, AGR-2 appears to be an important molecule involved
during the early stages of establishment of bone metastasis.
Therefore, further studies on the role of AGR-2 in human prostate
cancer and its downstream targets might lead to a better
understanding of bone metastasis and may signify AGR-2 as a
possible therapeutic target for preventing prostate cancer bone
metastasis.
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