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Approximately half of prostate cancers (PCa) carry TMPRSS2-ERG
translocations; however, the clinical impact of this genomic altera-
tion remains enigmatic. Expression of v-ets erythroblastosis virus
E26 oncogene like (avian) gene (ERG) promotes prostatic epithelial
dysplasia in transgenic mice and acquisition of epithelial-to-mesen-
chymal transition (EMT) characteristics in human prostatic epithe-
lial cells (PrECs). To explore whether ERG-induced EMT in PrECs
was associated with therapeutically targetable transformation char-
acteristics, we established stable populations of BPH-1, PNT1B and
RWPE-1 immortalized human PrEC lines that constitutively express
flag-tagged ERG3 (fERG). All fERG-expressing populations exhib-
ited characteristics of in vifro and in vivo transformation. Microarray
analysis revealed >2000 commonly dysregulated genes in the fERG-
PrEC lines. Functional analysis revealed evidence that fERG cells
underwent EMT and acquired invasive characteristics. The fERG-
induced EMT transcript signature was exemplified by suppressed
expression of E-cadherin and keratins 5, 8, 14 and 18; elevated
expression of N-cadherin, N-cadherin 2 and vimentin, and of the
EMT transcriptional regulators Snail, Zeb1 and Zeb2, and lymphoid
enhancer-binding factor-1 (LEF-1). In BPH-1 and RWPE-1-fERG
cells, fERG expression is correlated with increased expression of
integrin-linked kinase (ILK) and its downstream effectors Snail and
LEF-1. Interfering RNA suppression of ERG decreased expression of
ILK, Snail and LEF-1, whereas small interfering RNA suppression
of ILK did not alter fERG expression. Interfering RNA suppression
of ERG or ILK impaired fERG-PrEC Matrigel invasion. Treating
fERG-BPH-1 cells with the small molecule ILK inhibitor, QLT-0267,
resulted in dose-dependent suppression of Snail and LEF-1 expres-
sion, Matrigel invasion and reversion of anchorage-independent
growth. These results suggest that ILK is a therapeutically targetable
mediator of ERG-induced EMT and transformation in PCa.

Introduction

Identification of recurrent translocations in prostate cancer (PCa) involving
androgen-responsive elements of transmembrane protease serine 2 gene,
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TMPRSS2, and coding regions of E twenty-six (ETS) transcription fac-
tors (1) predict disease subtypes in which androgens could promote aber-
rant expression of these potential oncogenes (1-3). Fusions of TMPRSS2
with ERG are the most common, presenting in approximately half of PCas
(4-6). TMPRSS?2 and ERG fusions can occur via reciprocal translocation
or interstitial rearrangement, leading to aberrant androgen receptor (AR)-
mediated expression of full-length or N-truncated ERG protein isoforms.
Prior to identification of TMPRSS2-ERG translocations, ERG was rec-
ognized to be frequently expressed in PCa and to predict decreased dis-
ease-free survival (7). Although the prognostic value of TMPRSS2-ERG
rearrangements in subsequent epidemiologic studies have been mixed,
amplification of these translocations or linkage with loss of phosphatase
and tensin homolog (PTEN) predicts poorer prognosis (8—15).

Aberrant expression of ETS factors, including ERG, has also
been implicated in a range of malignancies, such as Ewing sarcoma,
acute myeloid leukemia, primitive neuroectoderm tumors and cer-
vical carcinomas, through regulation of an array of biological pro-
cesses (16,17). With regard to PCa, in vitro and transgenic mouse
studies demonstrate that expression of several ERG variants mediate
transition to an invasive phenotype and transformation of immor-
talized prostatic epithelial models (14,18-22). Recent studies have
begun to identify the molecular pathways by which ERG contrib-
utes to prostatic epithelial cell (PrEC) transformation. ERG expres-
sion suppresses prostatic epithelial differentiation (21) and promotes
epithelial-to-mesenchymal transition (EMT) through FZD4-mediated
WNT signaling and through activation of the ZEB1/ZEB2 axis in
PCa cells (23,24). Acquisition of invasive characteristics by epithelial
cells requires dramatic molecular changes, such as loss of cadherin-
mediated cell—-cell adhesion, remodeling of cell-matrix adhesion sites
and basement membrane breakdown. These hallmarks of epithelial
plasticity or EMT (25) are fundamental processes in embryonic devel-
opment and metastatic progression of carcinomas (26).

Another factor shown to play a central role in EMT is integrin-
linked kinase (ILK), an intracellular adaptor and serine/threonine
kinase (27). ILK is involved in cytoskeletal dynamics and cell signal-
ing cascades implicated in regulation of EMT, proliferation, survival,
differentiation and angiogenesis. Importantly, ILK expression and
activity are increased in a range of malignancies, including PCa, and
inhibition of ILK is antitumorigenic. ILK can promote E-cadherin
down-regulation by activating the transcriptional repressor Snail via
poly (ADP ribose) polymerase-1 (PARP-1) in prostate and breast
cancer cell lines (28). Additionally, over-expression of ILK results in
down-regulation of epithelial markers cytokeratin 18 and MUC1, and
up-regulation of mesenchymal markers lymphoid enhancer-binding
factor-1 (LEF-1) and vimentin in several epithelial cell lines (29,30).

Here, we report that aberrant expression of ERG3 transforms three
immortalized human PrECs, as measured by elevated, anchorage-
independent growth in vitro and production of invasive renal capsule
xenografts in NOD/SCID mice. ERG-transformed PrECs acquire
morphologic and biochemical attributes of EMT, including suppressed
expression of E-cadherin and cytokeratins 8/18 and elevated
expression of N-cadherin and vimentin. ERG-expressing PrECs
exhibit elevated expression of ILK and its effectors, Snail and LEF-
1. Interfering RNA and small molecule inhibitor studies demonstrate
ILK regulation of ERG-mediated PrEC transformation. These studies
implicate ILK-mediated EMT as a therapeutically targetable ERG-
regulated pathway involved in PCa progression.

Materials and methods

Cell culture

Human PrEC lines, PNT1B, courtesy Dr W.Jia (University of British Columbia),
and BPH-1, courtesy Dr S.Hayward (Vanderbilt University), were maintained
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in Dulbecco’s modified Eagle’s medium with 10% fetal bovine serum, whereas
RWPE-1 (ATCC) was maintained in GIBCO™ Defined Keratinocyte-Serum-
Free Media plus epidermal growth factor and bovine pituitary extract. All
media and supplements were from Invitrogen (Burlington, Ontario, Canada).
Mock- and flag-tagged ERG3 (fERG)-PrECs were created and characterized
as detailed in Supplementary Figure S1, available at Carcinogenesis Online.

Protein analysis

Whole cell lysates were prepared in RIPA lysis buffer containing 2mM
Na,;VO,, 1 mM NaF, 2mM f-glycerolphosphate and complete protease inhibi-
tor cocktail (Roche Diagnostics, Laval, Quebec, Canada). Immunoblots were
performed with anti-ERG-1/2/3, anticytokeratin 8/18, anti-Octl (Santa Cruz
Biotechnology, Santa Cruz, CA); anti-ILK, antivimentin, anti-E-cadherin
and anti-N-cadherin (BD Biosciences, Mississauga, Ontario, Canada); anti-
LEF-1, anti-Snail and anti-PARP (Cell Signaling, Danvers, MA); antimitogen-
activated protein kinase (Millipore, Billerica, MA); anti-Flag and anti-(3-actin
(Sigma—Aldrich, Oakville, Ontario, Canada) and visualized using Alexa Fluor
680- (Invitrogen) and IRDye™ 800- (Cedarlane, Burlington, Ontario, Canada)
conjugated antimouse or antirabbit IgG secondary antibodies with an Odyssey
imaging system (Licor, Lincoln, NE). Densitometric analysis was performed
using Gene Tools Ver. 4.0 software (SynGene, Cambridge, UK).

Messenger RNA analysis

Unless otherwise noted, molecular reagents were from Invitrogen or Qiagen
(Mississauga, Ontario, Canada). Mock- and fERG-PrEC total cellular RNA
was prepared using Trizol and complementary DNA cloned by reverse tran-
scriptase-PCR using first-strand complementary DNA synthesis system. For
ILK, Snail, E-cadherin and LEF-1 messenger RNA (mRNA), quantitative real-
time PCR (qRT-PCR) was conducted using Roche Universal Probe Library
technology (Roche Applied Science, Laval, Quebec, Canada) on an Applied
Biosystems (Foster City, CA) qRT-PCR instrument with primers designed
by the Roche Applied Science online assay design center. Relative transcript
quantity was calculated using the AACt method of Applied Biosystems’ analy-
sis software. Results were normalized to [3-actin mRNA levels and are reported
as fold-change over the Mock values.

Microarray analysis Mock- and fERG-PrECs

For differential expression profiling of Mock- and fERG-PrECs, total RNA
quality was assessed with the Agilent 2100 bioanalyzer prior to microarray
analysis. Samples with a RIN value of >8.0 were prepared following Agilent’s
One-Color Microarray-Based Gene Expression Analysis Low Input Quick
Amp Labeling v6.0. Total RNA (100 ng) was used to generate cyanine-3
labeled complementary RNA samples hybridized on Agilent Whole Human
Genome Oligo Microarrays (Design ID 014850). Arrays were scanned with
an Agilent DNA Microarray Scanner. Data were processed with Agilent
Feature Extraction 10.5.1 and analyzed in Agilent GeneSpring 7.3.1. Data
normalization involved flooring values <5.0 and median normalizing to the
50th percentile. To find significantly regulated genes, fold changes between
the compared groups and P-values gained from #-test between same groups
were calculated. The #-tests were performed on normalized data that had been
log transformed, and the variances were not assumed to be equal between
sample groups.

Anchorage-independent growth and anoikis assay

Anchorage-independent growth was assessed by soft agar colony formation of
5000 cells cultured for 10-14 days in 0.35% agar in respective culture media
+ 10 pM of QLT-0267 or vehicle (dimethyl sulfoxide [DMSO]). Colonies
were stained with 0.005% crystal violet, counted and measured microscopi-
cally. Anoikis was evaluated by culturing 5 x 10° cells in polyhydroxyethyl-
methacrylate- (polyHEMA; Sigma) coated plates in respective culture media
+ 10 pM of QLT-0267 or vehicle for 48h prior to lysis and immunoblotting
for PARP cleavage.

Migration and invasion assays

The invasiveness of PrECs was evaluated using 8-pm-pore Matrigel Invasion
Chambers (BD Biosciences). PrECs were transfected with small interfering
RNAs (siRNAs) On-target plus SMART pool (Dharmacon) targeting human
ERG (L-003886-00-0005), ILK (L-004499-00-0005) or non-targeting siRNA
(Src: d-001810-01-05) for 2 days prior to seeding into transwells for inva-
sion assays or harvest for immunoblotting. Alternatively, PrECs were treated
with QLT-0267 (5 or 10 pM) or vehicle for 16h before and during seeding
into transwells for invasion assays. Equal numbers of the indicated cells were
seeded in serum-free medium supplemented with 0.2% fatty-acid free bovine
serum albumin into the upper chamber of the transwells. Epidermal growth
factor and bovine pituitary extract were added to the lower chamber as a che-
moattractant for RWPE-1 cells, and 20% fetal bovine serum was added to the
lower chamber as a chemoattractant for BPH-1 cells. After 24 h, cells in the
upper chamber were removed with a cotton swab and filters were washed twice
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in phosphate-buffered saline. Cells present on the lower surface of the filters
were fixed in methanol, stained with either crystal violet or 4’,6-diamidino-
2-phenylindole and photographed. Cells in six random fields were counted and
averaged for each condition and the results of triplicate experiments were used
to calculate mean + standard error of the mean.

Three-dimensional (3-D) culture in Matrigel

Invasive characteristics were assessed by ‘3-D on-top culture’ of cells in
Matrigel (BD Biosciences). Single cell suspensions were cultured on Matrigel
pre-coated 4-well chamber slides (Nalge Nunc, Rochester, NY) in standard
media = 5% Matrigel and 10 pM of QLT-0267 or vehicle for 5 days. This
overlay medium was renewed every 2 days.

Renal capsule xenografts

Xenografts were prepared as described previously (31). Briefly, 2 x 10° lin-
eage-matched control and fERG-expressing PrECs were suspended in 50 pl
neutralized type 1 rat tail collagen and grafted contralaterally under the renal
capsule of 8—10-week-old male NOD/SCID mice (Charles River, Wilmington,
MA) and palpated weekly for evidence of xenograft growth. At the indicated
times, kidneys and grafts were excised from euthanized hosts, measured, for-
malin fixed and paraffin embedded for histology. Graft histology was scored
by two independent pathologists from hematoxylin and eosin-stained and
anti-ERG-1/2/3-stained 5-pm sections prepared from kidneys to include graft
implantation sites. All animal procedures were performed according to the
guidance of the Canadian Council on Animal Care and with protocol certifica-
tion by the University of British Columbia Animal Care Committee.

Microscopy

Immunofluorescence analyses of 2-D and 3-D cultures were performed as
described previously, respectively, (32,33) using the E-cadherin antibody,
rhodamine-conjugated phalloidin and Hoechst DNA counter staining. Images
were acquired with a Zeiss Axioplan 2 fluorescence microscope (Carl Zeiss
Canada Ltd, Toronto, Canada), AxioCam HRc camera and AxioVision3.1
Software.

Statistical analysis

Analysis of ERG and E-cadherin expression in normal and metastatic PCa
specimens was performed using a Kruskal-Wallis non-parametric analysis of
variance and Dunn’s multiple comparisons test. Cell growth and immunob-
lot data were analyzed from at least three independent biological replicates.
Representative immunoblots and micrographs are provided to demonstrate
the primary data. Differences in reporter activity, cell growth and tumor take
rates were assessed by analysis of variance, Tukey’s multiple comparisons test
and paired #-tests. Anchorage-independent colony formation was assessed by
¥2 analysis. Immunoblot data were quantified by densitometry. Difference
between xenograft growth kinetics was assessed by paired r-test of growth
rates calculated by linear fit analysis.

Results

Expression of ERG in PrECs

In order to assess how aberrant expression of ERG might influence
transformation and EMT in PrECs, we created stable blasticidin-
resistant, Lenti viral fERG- and Mock-expression vector-infected pop-
ulations from three immortalized, but non-tumorigenic human PrEC
cell lines (Supplementary Figure S1A, available at Carcinogenesis
Online). PNT1B (34) and BPH-1 (35) are clonal SV40-immortalized
normal adult PrEC lines reported to express large T antigen. RWPE-1
(36) is a clonal human papillomavirus-18 immortalized peripheral
zone PrEC line derived from a histologically normal adult prostate.
All three are reported to be cytokeratin-positive and to exhibit various
attributes of apical PrECs.

ERG protein (Figure 1A) and mRNA (Supplementary Figure S1B,
available at Carcinogenesis Online) were readily detected in all three
fERG populations. Sequential anti-Flag and anti-ERG immunoblotting
of lysates from Mock- and fERG-PrECs detected identical bands of
slightly larger than the 55 kD anti-ERG immunoreactive protein in
HUVEC lysate, consistent with the predicted mass of fERG3. fERG
protein was expressed in all three fERG-infected PrEC populations
at levels 2- to 10-times that of ERG3 in HUVEC cells. Greater than
80% of the cells in each fERG-PrEC population expressed fERG
by fluorescence-activated cell sorting analysis (data not shown).
fERG exhibited a predominantly nuclear subcellular localization
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Fig. 1. Transformation of PrECs-expressing fERG. (A) Whole cell lysates of HUVEC, parental (P) and Mock (M)- and fERG-BPH-1, PNT1B and RWPE-1 cells
were immunoblotted with anti-ERG (upper panel), anti-Flag (middle panel) and antimitogen-activated protein kinase (lower panel) antibodies. (B) Anchorage-
independent growth was assessed by culturing each Mock- and fERG-PrEC population in soft agar for 10 days. Figure shows representative phase-contrast
micrographs (x10) of soft agar colonies. Scale bar, 200 pm. (C). Representative hematoxylin and eosin micrographs (top and middle rows, x20; bottom row,

x40) of control- (top row) and fERG-PrECs (middle and bottom rows) cells grafted onto contralateral renal capsules of NOD/SCID mice. BPH-1-grafted kidneys
were harvested after 5 weeks, PNT1B-grafted kidneys after 6 weeks and RWPE-1-grafted kidneys after 8 weeks demonstrating morphologic differences in renal
capsule growth, cortex invasion and cellular morphology. Quantification and statistical comparisons of soft agar colony formation and renal capsule xenograft
growth are reported in Supplementary Figure S2C, S2D and S2E, available at Carcinogenesis Online.

(Supplementary Figure S1C, available at Carcinogenesis Online) and
was determined to be transcriptionally functional as assessed using an
endoglin promoter-derived ETS-responsive reporter (Supplementary
Figure S1D, available at Carcinogenesis Online). All three fERG-
expressing PrEC populations exhibited accelerated growth in
tissue culture (Supplementary Figure S2A and S2B, available at
Carcinogenesis Online). These results established that the pDEST-
fERG construct could direct appropriately localized and biologically
active exogenous fERG expression in PrECs.

In vitro transformation of fERG-expressing PrECs

To determine if fERG expression impacted the phenotype of these
PrEC models, we assessed anchorage-independent growth of
fERG- and Mock-PrECs by soft agar colony formation (Figure 1B;
Supplementary Figure S2C and S2D, available at Carcinogenesis
Online). All three fERG-PrEC populations exhibited significantly
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enhanced anchorage-independent growth compared with that of their
respective Mock-PrEC populations. All fERG-expressing populations
develop numerous, large colonies, whereas Mock-PNTIB and —
RWPE-1 cells formed very few colonies >5-10 cell diameters.
Mock-BPH-1 cells did form colonies at a rate, and of a size, that was
distinguishable from zero by %2 test, revealing a subtle transformed
phenotype. Nevertheless, these results indicate that the fERG-PrECs
acquired in vitro transformed phenotype.

In vivo tumorigenesis of fERG-PrECs

We assessed whether the fERG-PrEC cells had acquired tumorigenic
potential by grafting control and fERG-PrECs onto contralateral renal
capsules of NOD/SCID mice (Figure 1C). All three fERG-PrEC
xenografts showed 100% tumor formation. In all cases, the fERG-
PrEC-grafted kidneys were completely overgrown by xenograft cells
(Supplementary Figure S3A, available at Carcinogenesis Online).
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Relative xenograft growth rates of the fERG-expressing and control
PrEC lines recapitulated in vitro soft agar colony formation results
(Figure S2E). fERG-PrEC xenografts exhibited extremely neoplas-
tic morphologies with extensive renal cortex invasion (Figure 1C).
fERG xenografts could be identified by anti-ERG immunohistochem-
ical staining, whereas Mock-PrEC grafts and adjacent renal cortex
were not immunoreactive. (Supplementary Figure S3A, available at
Carcinogenesis Online). Although histologically viable cells were
detected in control cell grafts, these RWPE-1 and PNT1B grafts were
no more than 6 mm? when harvested. Control BPH-1 cells exhibited
limited invasive xenograft growth; however, grafts were significantly
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smaller (~one-fifth that of fERG-BPH-1 grafts). These results demon-
strate that ERG expression is sufficient to transform these cell lines.

JERG expression dramatically alters transcript profile of PrECs

Transcriptional profiling was performed to compare differential
expression in cognate Mock- and fERG-PrECs using Agilent G4112A
Whole-Genome 60mer Oligo microarray chip kits. Analysis focused
on data for 28 000 Stanford SOURCE annotated genes normalized
from triplicate runs using the Bioconductor package, LIMMA. Setting
a threshold of > or < 2-fold difference in expression, we found 2716
commonly dysregulated genes in all three cell lines; 60% up-regulated
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Fig. 2. EMT in PrECs-expressing fERG. Triplicate complementary DNA preparations were analyzed using Agilent’s G4112A Whole-Genome 60mer Oligo Kit.
(A) Focusing on Stanford SOURCE curate genes differentially expressed > or < 2-fold when comparing fERG:Mock (EvM) for RWPE-1 (R), BPH-1 (B) and
PNTIB (P), 2716 were commonly dysregulated in all three cell lines. (B) Unsupervised hierarchical clustering segregates each Mock population and Mock-
PrECs from fERG-PrECs but not the fERG-PrEC populations. (C) Whole cell lysates of HUVEC and Mock- and fERG-infected BPH-1, PNT1B and RWPE-1
cells were immunoblotted for expression of E-cadherin (E-Cad; upper panel), cytokeratin 8/18 (Ck 8/18; second panel), N-cadherin (N-Cad; middle panel) and
vimentin (forth panel) versus MAP kinase (mitogen-activated protein kinase; bottom panel).

2561


http://carcin.oxfordjournals.org/lookup/suppl/doi:10.1093/carcin/bgs285/-/DC1
http://carcin.oxfordjournals.org/lookup/suppl/doi:10.1093/carcin/bgs285/-/DC1

D.D.Becker-Santos et al.

A.

ILK Snail
3 > 100 -
. 80 1
2 60

% 14— 40

3 20 - .

% 0 : . 0 . —_—

£ E-cadherin LEF-1

o 1.5 30

= *

5 04= 20 - .
0.5 1 . . 10 1 l
0.0 L L : ﬁ- 01— =

Mock fERG Mock fERG Mock fERG Mock fERG
BPH-1 RWPE-1 BPH-1 RWPE-1
Bl
Mock fERG Mock fERG
era| - eeel| [
- s Ceulh | _ —
ILK| wve e —— ey
E-cadherin ! — ! . .
Vimentin —— e —
Snail | —  —
er1| - -
B-actin | e— S— Gy
BPH1 RWPE1

Fig. 3. Up-regulation of ILK and ILK-regulated proteins involved in EMT in fERG-PrECs. (A) qRT-PCR analysis of mRNA expression for ILK (upper left),
E-cadherin (lower left), Snail (upper right) and LEF-1 (lower right) in Mock- (open bars) and fERG- (solid bars) BPH-1 and RWPE-1 cells. Ct values were
normalized to (3-actin mRNA levels reported as fold-change versus Mock cell values (*P < 0.001). (B) Whole cell lysate immunoblot blot analyses of ERG, ILK,
E-cadherin, vimentin, Snail and LEF-1 protein levels in Mock- and fERG-BPH-1 and RWPE-1 cells using $-actin immunoblotting as a loading control.

and 40% down-regulated. Another ~4500 genes were found to be
commonly dysregulated in two of the three cell lines (Figure 2A).
Unsupervised hierarchical clustering segregates each Mock popu-
lation and Mock-PrECs from fERG-PrECs but not the fERG-PrEC
populations (Figure 2B).

Analysis of functional groupings for fERG/Mock-PrEC differen-
tial transcript profiles, using the Broad Institute Gene Set Enrichment
Analysis tool (GSEA) of all differentially expressed genes, revealed
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evidence for all three fERG-PrEC populations having undergone EMT
and having acquired invasive characteristics (Supplementary Table
S1, available at Carcinogenesis Online). The EMT transcript signa-
ture was exemplified by suppressed levels of the epithelial markers,
E-cadherin and keratins 5, 8, 14 and 18; elevated levels of the mesen-
chymal markers, N-cadherin, N-cadherin2 and vimentin; and elevated
levels of the EMT transcriptional regulators Snail, Zebl and Zeb2
and LEF-1 (Supplementary Table S2, available at Carcinogenesis
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Online). These results are consistent with previous studies indicat-
ing that aberrant ERG expression induces EMT and transformation
of PrECs (23,24).

JERG expression induces EMT in PrECs

The phenotypic changes observed in fERG-transformed PrECs are
indicative of acquisition of mesenchymal characteristics associated
with aggressive PCa (37). Given the recent report that ERG expres-
sion promotes EMT in PCa cells (23,24), and of Tables S1 and S2
indicating acquisition of EMT and invasive functional characteristics

A. fERG-BPH1

fERG-RWPE1

ILK mediates ERG-induced EMT in PrECs

in fERG-PrECs, we next validated expression of genes typically asso-
ciated with EMT of PCa in Mock- and fERG-PrECs.

Expression of the prostatic luminal cell selective intermediate
filament proteins, cytokeratins 8/18, was readily detected in Mock-
PrECs and strongly suppressed in the fERG-PrECs. Additionally,
in all three fERG-PrEC populations, and in Mock-PNT1B cells,
E-cadherin protein expression was undetected or significantly sup-
pressed (Figure 2C). Conversely, expression of the mesenchymal
markers N-cadherin and vimentin was up-regulated in fERG-BPH-1
and -RWPE-1 cells relative to their cognate Mock populations.

fERG-BPH1 fERG-RWPE1

siRNA: - ERG  Scr - ERG

ILK Scr - ILK Scr

ERG

ILK | o——

L ee— W— e —

C— © T — —— S m——

-

. -
factin | D s GEED GHED W GEED S— G G S—— S S—
B. cells: Mock fERG fERG fERG fERG
siRNA: - - ERG ILK Scr
-
E =
o
m ..
& .
- L
i
S BEE : - @
m .
C. 500
- BPH1 t -
o 400 o 200
= t ] =
& 300 [ 5 150 -
2 2
£ £
S 200 . S 100
c TT c
S100{ - . 3 501
0 L1 v T | . I . 0-
Cells: Mock fERG fERG fERG fERG Cells: Mock fERG fERG fERG fERG
siRNA: - - ERG ILK  Scr siRNA: - - ERG ILK  Scr

Fig. 4. Suppression of fERG or ILK expression disrupts Matrigel invasion of fERG-PrECs. (A) fERG-BPH-1 and -RWPE-1 cells were transfected with ERG- or
ILK-targeted siRNA as described in Materials and methods for 2 days and lysates were immunoblotted for respective ILK and ERG expression using [3-actin
immunoblotting as a loading control. (B) Cells siRNA transfected as in A were plated onto Matrigel-coated transwell chambers and assayed for invasion after

1 day. Representative images of bottom of transwell chamber are provided, Scale bar, 100 pm. (C) Quantification of invasion assays of respective Mock and
fERG-PrECs expressed as average number of migrated cells per field in six random fields + standard error of the mean (*different than untreated fERG, P < 0.01,

fdifferent than Mock, P < 0.01).
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Consistent with the loss of E-cadherin expression in the Mock-
PNTI1B cells, N-cadherin and vimentin expression was readily
detected and indistinguishable in the Mock- and fERG-PNTI1B
populations indicating that the parental PNT1B cell line has already
undergone partial EMT. Acquisition of mesenchymal characteristics
of the fERG-PrECs was verified by immunohistochemical analysis of
vimentin and E-cadherin expression in the renal capsule xenografts
(Supplementary Figure S3C, available at Carcinogenesis Online).
These results are consistent with induction of EMT in fERG-express-
ing PrECs and demonstrate that ERG expression profoundly alters
the phenotype of immortalized PrECs to one consistent with that
observed in aggressive PCa (23,38).

ILK, Snail and LEF-1 are up-regulated in fERG-PrECs

In order to investigate how fERG expression could mediate EMT in
PrECs, we focused subsequent studies on BPH-1 and RWPE-1 cells
because we observed high basal E-cadherin and cytokeratin expres-
sion in Mock cells that was strongly suppressed in fERG cells con-
comitant with increased N-cadherin and vimentin expression. As
supporting evidence for EMT, in adherent culture, both fERG-PrEC
lines exhibited acquisition of fusiform morphology concomitant with
loss of cell-cell contact-associated E-cadherin expression, whereas
Mock cells retained cobblestone morphology and cortical E-cadherin
expression (Supplementary Figure S3D, available at Carcinogenesis
Online).

LEF-1 and Snail mesenchymal transcriptional regulators are com-
mon molecular requirements in several models proposed to describe
mechanisms of EMT induction under physiologic and pathologic
conditions (26). Furthermore, ILK has been demonstrated to induce
EMT in epithelial cells in a Snail and LEF-1-associated manner
(39-41). We, therefore, examined the expression of ILK, Snail and
LEF-1 in relation to that of E-cadherin, in Mock- and fERG-BPH-1
and -RWPE-1 cells. Both qRT-PCR and immunoblot techniques
demonstrated that ILK, Snail and LEF-1 expression is increased in
these fERG-PrECs (Figure 3A and 3B). When compared with the
cognate Mock-PrEC populations, ILK expression in the fERG-
PrECs is elevated ~2-fold and E-cadherin expression is suppressed
by at least 80%, whereas Snail and LEF-1 expression are elevated
at least 5-fold. Together with previous reports implicating expres-
sion of ILK, Snail and LEF-1 with PCa invasive potential (42—44),
these results suggest that ERG may be a regulator of these features
in TMPRSS2-ERG fusion-positive PCa.

Suppression of fERG or ILK expression disrupts Matrigel invasion
of fERG-PrECs

To assess whether ERG and ILK expression was linked to invasive
potential of fERG-PrECs, we performed Matrigel invasion assays
on fERG-BPH-1 and -RWPE-1 cells after siRNA silencing of ERG
or ILK expression (Figure 4). Treating both cell lines with an ERG-
targeted siRNA resulted in substantially suppressed ERG and ILK
expression, whereas treatment with an ILK-targeted siRNA resulted
in suppressed ILK expression without affecting ERG expression
(Figure 4A). This suggests that ERG expression is upstream of ILK.

To determine how suppression of ERG or ILK impacted invasive
potential of fERG-PrECs, invasion across Matrigel-coated transwells
of control and siRNA-treated cells was compared with that of the
respective Mock-PrECs (Figure 4B and 4C). Consistent with the
invasive characteristics of fERG-PrECs in renal capsule xenografts,
fERG-BPH-1 cells invaded 8.7 times more than Mock-BPH-1 cells
and fERG-RWPE-1 cells invaded 3.4 times more than Mock-RWPE-1
cells. Suppression of ERG or ILK expression significantly suppressed
Matrigel invasion of both fERG-PrECs. The invasion rate of ERG
siRNA-treated fERG-BPH-1 and -RWPE-1 cells were 44% and 22% of
respective untreated fERG-PrECs. Similarly, the invasion rate of ILK
siRNA-treated fERG-BPH-1 and -RWPE-1 cells were 21% and 9% of
respective untreated fERG-PrECs. Invasion rates of respective ERG
and ILK siRNA-treated fERG-PrECs were indistinguishable from each
other indicating that suppression of either target reversed the acquired
invasive potential of the cell lines.

2564

Inhibition of ILK activity decreases Snail and LEF-1 expres-
sion, impairs in vitro invasive properties and inhibits anchorage-
independent growth of fERG-BPH-1 cells

ILK has been shown to up-regulate expression of LEF-1 (30,39) and
Snail (28,39) and the ILK-selective small molecule kinase inhibitor,
QLT-0267, has been shown to block ILK-induced expression of
these EMT regulators (45,46). Similarly, treating fERG-BPH-1 cells
with QLT-0267 resulted in a dose-dependent decrease in Snail and
LEF-1 protein expression (Figure 5A). These results implicate ILK
expression and activity in ERG-mediated EMT by up-regulating
expression of Snail and LEF-1 protein levels.

The role of ILK in regulating invasive migratory capacity of fERG-
BPH-1 cells was assessed using Matrigel-coated transwell assays
(Figure 5B). Matrigel invasion of fERG cells was approximately
2-fold greater than the cognate mock cells. Treatment of fERG-PrECs
with 5 and 10 pM of QLT-0267 resulted in a dose-dependent inhibition
of transwell invasion such that the invasive capacity of fERG-BPH-1
cells treated with 5 pM QLT-0267 was indistinguishable from that
of Mock-BPH-1 cells; whereas 10 pM of QLT-0267 suppressed
Matrigel invasion to levels significantly less than that observed in
Mock-BPH-1 cells.

The impact of QLT-0267 on fERG-BPH-1 growth was further
assessed using a 3-D culture of BPH-1 cells on Matrigel. In these assays,
Mock-BPH-1 cells formed well-defined epithelial spheroid structures,
with organized cortical F-actin cytoskeleton and E-cadherin expression,
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Fig. 5. QLT-0267 treatment decreases LEF-1 and Snail expression and
impairs in vitro invasive properties of fERG-BPH-1 cells. (A) Immunoblot
analysis of fERG-BPH-1 cells after 48 h treatment with DMSO (0) or the
indicated doses of QLT-0267 for expression of ERG, ILK, Snail and LEF-1
using B-actin immunoblotting as a loading control. (B) Quantification of
Matrigel invasion assay of cells treated as in A for 24 h expressed as average
number of migrated cells per field in 6 random fields + standard error of the
mean (* different than Mock, P < 0.01, § different than untreated fERG,

P <0.01).
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Fig. 6. QLT-0267 treatment reverts transformed phenotype of fERG-BPH-1 cells. (A) Phase-contrast images (left column) of 3-D cultures in Matrigel of
Mock-BPH-1 and DMSO or QLT-0267-treated fERG-BPH-1 cells as described in Materials and methods. Immunofluorescence staining of chromatin (Hoescht),
E-cadherin, F-actin and merged fluorescence images of the same field (2-5 columns, as indicated). Scale bar, 50 pm. (B) Representative phase-contrast
micrographs of soft agar colonies of Mock-BPH-1 in standard media (right panel), and BPH-1-fERG cells in DMSO (middle panel) or 10 pM QLT-0267 (right
panel) cultured for 14 days. Scale bar, 200 pm. (C) Histogram shows mean number of colonies/well >100 pm + standard deviation (P < 0.005). (D) PARP
immunoblot analysis of lysates from Mock-BPH-1 cells cultured in standard media (left lane) and fERG-BPH-1 cells cultured in DMSO (middle lane) or 10 pM
QLT-0267 (right panel) on polyHEMA-coated plates for 48 h. Uncleaved full-length PARP is indicated as the upper (116 kDa) band and caspase-cleaved PARP is

indicated by the lower (89 kDa) band.

consistent with features of differentiated, non-transformed PrECs
(Figure 6A). In contrast, fERG-BPH-1 cells formed large irregular
cellular aggregates with dramatically suppressed E-cadherin expression
and disorganized F-actin cytoskeleton with extensions radiating from
the aggregates indicative of invasive behavior. Treatment of fERG-
BPH-1 cells with QLT-0267 inhibited formation of these disorganized
aggregates and resulted in formation of compact spheroid structures
resembling structures formed by Mock-BPH-1 cells and partial
restoration of E-cadherin expression, consistent with a reversion of the
EMT phenotype.

Because ILK has been shown previously to induce resistance to
anoikis and anchorage-independent growth of epithelial cells (47,48),

we examined how ILK impacts anchorage-independent growth of
fERG-BPH-1 cells. Relative to Mock-BPH-1 cells, fERG-BPH-1 cells
formed numerous large colonies when cultured in soft agar; however,
colony growth was strongly suppressed (~10-fold) when treated with
QLT-0267 (Figure 6B and 6C). In order to evaluate whether targeting
ILK restored induction of apoptosis due to the loss of substrate adhe-
sion, that is anoikis (49), PARP cleavage was assessed in BPH-1 cells
cultured in suspension (Figure 6D). Mock cells in suspension readily
underwent apoptosis, as evidenced by the almost exclusive detection
of cleaved PARP. In contrast, PARP was predominantly detected in
its intact form in fERG-BPH-1 cells cultured in suspension consistent
with them being resistant to anoikis. However, treatment of suspension
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cultures of fERG-BPH-1 cells with QLT-0267 partially restored sensi-
tivity to anoikis as assessed by induction of cleavage of approximately
40% of total PARP. These results implicate ILK in regulating anchorage-
independence and strongly implicate ILK as an ERG-induced mediator
of PCa carcinogenesis.

Discussion

Although ERG is appreciated to promote transformation of prostatic
epithelium (14,19-22) and to promote EMT (23), the underlying
mechanism(s) and therapeutic potential remain to be fully elucidated.
Consistent with its role in Ewing’s, acute myeloid leukemia and neu-
roectoderm oncogenesis, ERG fusions are probably to play a role in
prostate tumorigenesis through transcriptional induction or repression
of downstream targets. Data presented here provide evidence support-
ing observations linking ERG expression to transformation and EMT
in a panel of PrECs and is the first to demonstrate that acquisition of
these transformed properties is at least partially controlled by ILK.
Our results suggest a model in which aberrant ERG expression pro-
motes up-regulated ILK expression and activation that drives EMT
and promotes PrEC transformation via up-regulation of Snail and
LEF-1. The resulting suppression of cytokeratin 8/18 and E-cadherin,
as well as expression of N-cadherin and vimentin, are hallmarks of
an EMT transcript profile change that allows tumor cells to overcome
contact inhibition and enhance metastatic potential (37).

Aggressive PCa has been associated with acquisition of mesen-
chymal characteristics (37). Highlighting our findings that the ILK-
associated mesenchymal markers, Snail and LEF-1, are up-regulated
in ERG-expressing cells are studies implicating Snail and LEF-1 in
prostate tumorigenesis and invasion. Snail expression is noted to be
increased in PCa cells exhibiting invasive properties (43), whereas
LEF-1 is highly expressed in androgen-independent PCa (44).
Our demonstration that ILK inhibition leads to down-regulation of
ERG-mediated LEF-1 and Snail expression, partial restoration of
E-cadherin expression and suppression of invasive and anchorage-
independent growth properties mechanistically link ERG expression
to ILK-mediated PrEC transformation.

Our observation that ERG-driven ILK expression can lead to
anchorage-independent growth and increased invasive potential are
intriguing in light of previous evidence that ILK expression is associ-
ated with aggressive PCa phenotypes and correlated with poor prog-
nosis (42). Furthermore, our demonstration that these processes can
occur in AR-negative (BPH-1 and PNT1B) and AR-low (RWPE-1)
PrEC model cell lines are consistent with previously proposed mod-
els for ERG acting to antagonizing normal PrEC differentiation by
suppressing AR expression and signaling (21,50) and support conclu-
sions in the emerging literature indicating that ERG fusions are asso-
ciated with a more aggressive disease (4,8,10,12,51-53).

Two of the PrEC lines used here (PNT1B and RWPE-1) have been
reported to exhibit increased in vitro invasive and mitotic properties;
however, reports of them being transformed by aberrant ETS gene
expression have been variable (2,14,18-23). The reasons underlying
this difference in outcome are probably due to some combination of
differences in epitope tagging, viral infection and/or promoter activity.
However, our observation that fERG-PrECs developed highly mitotic,
invasive tumors is consistent with reports of increased metastatic and
mitotic properties of ETS-expressing PrECs. Furthermore, although
the three PrEC lines modeled here exhibit variable prostatic epithelial
characteristics, fERG-expressing cells uniformly exhibit mesenchy-
mal molecular and morphologic features. These results suggest that
ERG expression is capable of inducing a similar oncogenic program
in cells with variable intrinsic apical cell characteristics.

Our results suggest that in ERG-expressing PCas, ILK-regulated
proteins are effectors of EMT and suggest the possibility that ILK may
serve as a therapeutic target in ERG-expressing PCas. This conclusion
is supported by the observation that ILK promotes EMT and associated
drug resistance in hepatocellular carcinoma and that ILK inhibition
increases sensitivity of these cells to epidermal growth factor receptor-
targeted therapies (54). Further support for ILK as a promising
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therapeutic target in PCa comes from recent reports demonstrating that
TMPRSS2-ERG gene fusions and PTEN loss cooperatively promote PCa
progression (13,14,55). ILK inhibition suppresses AKT activation and
induces apoptosis in PTEN-deficient PCa cells (56) and delays growth
of PTEN-negative tumors (57). Thus, targeting ILK in PCa may be very
promising because it might potentially affect ERG and PTEN aberrant
signaling, which together seem to be pivotal in prostate carcinogenesis.
Demonstration that aberrant ERG expression is capable of promoting
EMT and transformation of these immortalized PrECs provides models
for determining if, or what, predilections are essential for oncogenic
susceptibility to ETS-mediated PCa etiology, to guide subsequent
efforts to identify common molecular and phenotypic responses to ERG
expression, and to validate and therapeutically target these markers.

Supplementary material

Supplementary Tables S1 and S2 and Figures S1-S3 can be found at
http://carcin.oxfordjournals.org/
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